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Cellulose nanofibrils (CNFs) are hydrophilic biodegradable nanoparticles (typically, less
than 0.2 mm in length and 20-50 nm in width) that can be extracted from various plants, trees,
and recycled paper stock. Their low density, low toxicity, relatively low cost, high aspect ratio,
and high specific surface enable functionalization. In this work, the effects of CNFs on selected
properties of cement paste, mortar, and concrete were investigated. For the cement pastes,
rheology tests using a simple rheometer showed a reduction in workability as CNF dosage
increased. Free shrinkage tests showed an increase in shrinkage at high w/c ratios but a decrease
at low ratios. Additional tests showed that CNFs reduced autogenous shrinkage in low w/c ratio
systems. Tests of mechanical properties showed that CNF additions improve compressive
strength at low w/c ratios, but reduce strength for higher ratios. Fracture tests showed that CNFs
have little effect on crack initiation energy, but they produce a significant improvement in overall
fracture energy as well as modulus of rupture. Isothermal calorimetry and thermogravimetric
analysis tests were used to examine effects of CNFs on cement hydration. Both tests showed no
significant changes in the degree of hydration for pastes with CNF after 7, and 28 days. For
interpreting the results, a tunnels, reservoirs, and bridges (TRB) mechanism is proposed. This

model suggests that, as proposed by others, CNFs can modify microstructure by providing tunnels
for transporting water to unhydrated cement grain. However, the improvement in hydration this
would bring is negated by additional barriers formed later during hydration. Because of their
hydrophilicity, CNFs retain water and work as reservoirs. This stored water is released at later
ages and works as a supplementary source of water (internal curing), which explains the
improvement in properties at low w/c ratios. Significant increases in fracture energy suggest that
CNFs are an effective toughening mechanism, acting as bridges that increase the energy required
for crack propagation. Effective dispersion of CNFs in the cement matrix is identified as a source
of both high variability and some unsystematic results.
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CHAPTER 1
INTRODUCTION AND PROBLEM STATEMENT
1.1 Introduction
Concrete, after water, is the second most consumed material in the world. Over 4 billion
tons of cement were produced in 2018 (U.S. Department of the Interior 2019). The cement sector
is the third-largest industrial energy consumer in the world, responsible for 7% of industrial
energy use, and the second industrial emitter of carbon dioxide, with about 7% of global
emissions (International Energy Agency 2018).
Introducing any new green material in this field will be a promising new road toward
sustainable development. Recent recognition of CO2 emissions and their role in climate change
has pushed the research community to find sustainable alternatives to current construction
practices. Plant-based materials offer some potential solutions.
A concurrent trend in the cement and concrete industry is the use of nanomaterial
additives. Nanotechnology as a multidisciplinary field of science and engineering focused on
understanding and working with materials at dimensions between 1 and 100 nanometers, has
shown and continues to show tremendous promise for enhancing the short term and long-term
properties of cement-based composites.
The research described in this thesis seeks to combine these two trends. Specifically, the
goal of the work is to investigate the suitability of a plant-based nanocellulose produced at the
University of Maine to enhance the properties of concrete.
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1.2 Problem Statement
Cellulosic nano materials have gradually been making their way into concrete technology
(Balea et al. 2019). These particular types of materials are both plant-based and nano-scale. In a
project in the University of Maine, Peters et al. showed that using small quantities of Cellulose
Nanofibers (CNFs) and microcellulose fibers enhances fracture toughness of high-performance
concrete by up to 50% (Peters et al. 2010). Here, in this project, we try to continue their work to
find and study the other potential new effects of CNFs on cement-based composites. The
objectives of this work are to investigate the effects of CNFs on certain properties of cement
paste, mortar, and concrete. The main questions to be answered are:
•

How various dosages of CNFs change workability and rheology of cement-based composites?

•

What are the effects of CNFs on free shrinkage, autogenous shrinkage, and restrained
shrinkage of cementitious composites?

•

How CNFs influence Hydration reaction and degree of hydration?

•

How CNFs affect microstructure?

•

Does this nanomaterial improve fracture properties?

•

Does Incorporating CNFs, change flexural and compressive strength of cement-based
composites?
A series of tests intended to answer these questions were conducted and are detailed in this

thesis
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1.3 Organization of Thesis
To answer the questions mentioned in previous section, studies began with literature
review. Chapter 2 discusses about different types of plant-based natural fibers and their
compositions. Then the role of nanotechnology in cement-based composites is described. Finally,
UMaine’s CNF (from Process Development Center) will be introduced.
In Chapter 3, results from preliminary investigations is presented. The specific objectives
of these tests were to study the effects of CNF dosages on workability and compressive strength,
and to gain experience working with this particular CNF.
Based on tests in Chapter 3, comprehensive experiments were developed to investigate
the effects of various CNF dosages on selected fresh and hardened properties of cement paste
and concrete. For the 32 selected cement pastes with different CNF dosages, rheology,
workability, shrinkage properties, fracture properties, and compressive strength were
investigated. For the concrete specimens, the primary focus was on workability effects and
compressive strength using 12 different batches. This work is presented in Chapter 4.
Work in Chapter 4 indicated that systems with low water to cement ratio (w/c = 0.35)
realize the greatest benefit from CNF additions. So, in Chapter 5, the focus was on low water to
cement ratio (w/c = 0.35) systems using six batches with variable CNF concentrations. The
objective of the work in Chapter 5 was to examine the changes in workability, rheology, fracture
properties, flexural strength, and hydration process brought on by small dosages of CNF to
batches of cement paste, and to tie those changes to observed early age shrinkage and strength
properties. In order to realize this objective, an array of laboratory techniques for measuring both
3

reaction kinetics and resulting properties were employed. A comprehensive mechanism is
proposed based on the outcomes of the experiments. Chapter 6 presents a summary, conclusions
and recommendations for future studies.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
2.1 Plant-based natural fibers
Three types of natural fibers are available for concrete reinforcement: animal-based,
mineral-derived and plant-based. Animal fibers, comprising specific proteins, include silk, wool,
and hair fiber. Mineral-derived fibers include asbestos, wollastonite and palygorskite. Finally,
plant-based fibers include cotton, hemp, jute, flax, ramie, sisal, bagasse, specialty fibers
processed from wood (Cao et al. 2015, 2016b; a; Haddad Kolour et al. 2018; Hisseine et al. 2018a;
b, 2019; Jongvisuttisun et al. 2013; Kawashima and Shah 2011; Mezencevova et al. 2012;
Mohammadkazemi et al. 2017; Onuaguluchi and Banthia 2016; Peters et al. 2010). In this work,
our focus is on plant-based natural fibers.
2.2 Types and chemical composition of plant-based natural fibers
Table 1, adopted from Onuaguluchi and Banthia (2016), shows the different types of
plant-based natural fibers that have been used as reinforcement for cement-based materials.
Some information about the source, method of extraction, and properties of these fibers can be
found in this table as well.
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Table 1 Types of plant-based natural fibers (Onuaguluchi and Banthia 2016)
Type

Bast

Source

Comments

Extracted from the
outer bark of plant
stems by retting

Long fiber bundles with high tensile
strength
Traditionally used in making yarn,
textile, rope, sack

Obtained from leaf
tissues by hand
scraping after
beating/retting process
or mechanical
extraction

Relatively high strength
Coarse and hard fibers
Used for the production of ropes,
fabrics, carpets and mats

Extracted from the
coconut husk, pod or
boll of some plant
seeds

Lightweight and strong
Used in the production of ropes,
mats, sacks, brush, geo- textile,
textile, water safety equipment,
insulation, upholstery and mattress
products as a result of their softness
and buoyancy

Extracted from plant
stalks of sugarcane,
corn, eggplant,
sunflower, wood and
the straw of various
grain crops such as
barley, wheat, rice

Pulp of these fibers has been
utilized in paper and paperboard
products

Extracted from tall
grasses

Can potentially be used as fiber
reinforcements in cement-based
composites

Extracted from fiber
crop residue

Can potentially be used as fiber
reinforcements in cement-based
composites

Extracted from a wide
variety of trees
Quality-controlled
manufacturing

Abundant with unique attributes,
divided into two groups, softwood
and hardwood. Softwood fibers are
generally longer than hardwood
fibers, the number of fibers in a
given gram of pulp is significantly
higher for hardwood pulp

Example
Jute (Corchorus olitorius/Corchorus
capsularis)
Flax (Linum usitatissimum)
Abaca (Musa textilis)
Kenaf (Hibiscus cannabinus)
Sisal (Agave sisalana)

Leaf

Caroa (Neoglaziovia variegate)
Henequen (Agave fourcroydes)
Pineapple (Ananas comosus)
Cotton

Seed

Kapok (Ceiba pentandra),
Milkweed floss
Coir
Sugarcane
Corn
Eggplant

Stalk

Sunflower
Barley
Wheat
Rice
Ryegrass (Lolium perenne)

Grass

Elephant grass (Pennisetum purpureum)
Switchgrass (Panicum virgatum)
Bamboo (Bambusa vulgaris)
Pulse seed coat

Fiber
crop
residue

Peanut shell
Hazelnut husk,
Corn husk
Millet stover
Eucalyptus

Wood
and
specialty
fibers

Cellulose Nanofibers (CNFs)
Cellulose Microcrystals (MCCs)
Cellulose Nanocrystals (CNCs)
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Plant-based natural fibers are made up of cellulose, hemicellulose, lignin, extractives and
ash. Type of fiber, growth condition, dimension, age, location on plant, extraction and processing
method are the most important parameters that determine the composition of the fiber. Table
2 shows the chemical composition of some selected plant-based natural fibers (Onuaguluchi and
Banthia 2016).
Table 2 Chemical composition of plant-based natural fibers (Onuaguluchi and Banthia 2016)
Grouping

Bast

Stalk

Straw

Leaf

Seed

Wood

Fiber
Jute

Cellulose (wt.%)

Hemicellulose (wt.%)

Lignin (wt.%)

Extractives (wt.%)

Ash (wt.%)

33.4

22.7

28.0

---

Hibiscus

28.0

25.0

22.7

Banana trunk

31.48

14.98

15.07

--4.46

8.65
4.7

Banana

60-65

6-8

5-10

---

Sorghum

27.0

25.0

11.0

---

Bagasse

32-48

19-24

23-32

---

1.5-5

Bagasse

41.7

28

21.8

---

3.5

Wheat

33-38

26-32

17-19

---

6.8

Rice

28-36

23-28

12-14

---

14-20

Barley

31-45

27-38

14-19

---

2-7

Sisal

38.2

26.0

26

Sisal

73.11

13.33

11.0

--1.33

0.33

Banana

25.65

17.04

24.84

9.84

7.02

Pineapple

70-82

18.0

5-12

---

0.7-0.9

Corn stover

38-40

28.0

7-21

---

3.6-7

Coir

36-43

0.15-0.25

41-45

---

2.7-10.2

Coir

33.2

31.1

20.5

Coir

21.46

12.36

46.48

--8.77

1.05

Coconut tissue

31.05

19.22

29.7

1.74

8.39

Eucalyptus

41.57

32.56

25.4

8.2

0.22

2.2.1 Fiber extraction methods
There are different methods for extracting the plant-based fibers. Here are the methods
mentioned in a review by Onuaguluchi and Banthia (2016). After the retting process, single fibers
from plant-based strand fibers are mostly obtained by manual mechanical separation or using a
decorticator. Pulping procedure is used to reduce strand fibers or wood chips to individual fibers.
7

In mechanical pulping, fiber strands or wood chips are ground in three different ways;
without steaming, with steaming (thermo-mechanical pulping) and chemical/steam pretreatment (chemithermo-mechanical pulping).
In chemical pulping, heat and chemicals (kraft and sulfite process) are used to remove
lignin from strands and wood chips thereby individualizing bundled fibers. Chemical pulping
results lower quantities of pulp but the fibers will be longer, stronger and brighter.
Depending on application, further post-pulping processing of fibers such as bleaching and
mechanical beating are also performed. Bleaching removes residual lignin and extractives from
fiber cell wall. Hence, improves the whiteness/brightness of pulp fibers.
2.3 Nanotechnology in cement-based materials
While investigations of nanotechnology applications to cement and concrete have been
proceeding for some time (American Concrete Institute 2017; Sanchez and Sobolev 2010; Zhu et
al. 2004), recent successes (Shah et al. 2016), illustrate some profound effects that nano
materials can have on concrete properties.
There are two main methods in nanotechnology and producing nanomaterials. First
method is the “top-down” approach. In this method, larger structures are reduced in size to the
nanoscale while maintaining their original properties without atomic-level control or
deconstruction from larger structures into smaller, composite parts. The second method is the
“bottom-up” approach where materials are engineered from atomic or molecular components
through a process of assembly or self-assembly. Other names of this approach are molecular
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nanotechnology or molecular manufacturing. Nano materials used in concrete technology are
usually produced by top-down method (Sanchez and Sobolev 2010).
2.3.1 Nanosized particles in cement-based materials
Most studies using nanosized particles in cementitious materials have involved either
nanosilica (nano-SiO2) or nanotitanium dioxide (nano-TiO2). A few studies have also involved
nanocalcium carbonate (nano-CaCO3), Nano-sized cement particles and nanobinders, nanoclays,
nanoiron (nano-Fe2O3), nanoalumina (nano-Al2O3), nano-sized spinel (MgAl2O4), and Electric arc
furnace dust (nano-ZnFe2O4). Carbon nanotubes/nanofibers (CNTs/CNFs) are also potential
candidates for use as nanoreinforcements in cement-based materials (American Concrete
Institute 2017).
These nano-based materials have the potential to dramatically change traditional
construction materials. Using these nanomaterials, one can modify the microstructure of cement
paste, improving any number of desired properties. Thus, it may be possible to tailor mechanical
and chemical properties to our particular needs. Exploring the unique advantages of plant-based
nanomaterials has the potential to exploit the promise of nanomaterials with a renewable
resource (American Concrete Institute 2017; Sanchez and Sobolev 2010; Zhu et al. 2004).
2.3.2 Cellulose-based nanomaterials in cement-based composites
A class of nano material that holds promise in concrete technology is that based on
cellulose. Plant-based fibers have long played a role in concrete for their role in reinforcing
(Onuaguluchi and Banthia 2016) as well as its role in early age properties. Cellulose and wood
powders (with different size and morphology) and Kraft and thermomechanical pulp fibers have
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been investigated for use as internal curing agents in cement-based materials in an investigation
by Mohr et al. (2005). Kawashima and Shah (2011) tried to determine how the early-age
shrinkage behavior of cementitious materials is affected by the addition of saturated cellulose
fibers under sealed (autogenous shrinkage) and unsealed conditions. They found that at
additions of 1% by mass of cement, the cellulose fibers were found to show significant drying
shrinkage cracking control while providing some internal curing. Mezencevova et al. (2012)
examined the effect of thermomechanical pulp fibers on early hydration behavior and the
efficiency of these fibers as internal curing agent. The autogenous deformations (Internal curing
performance) of cement pastes containing five different hardwood eucalyptus pulp fibers were
examined and analyzed by Jongvisuttisun et al. (2013). Cellulosic materials have the advantages
of being abundant, low toxicity, biodegradable, environmentally friendly, local availability, and
relatively low cost.
Cellulosic nano materials have gradually been making their way into concrete technology
(Balea et al. 2019). Researches used three different types of cellulose-based nanomaterials to
enhance cement-based composites: Cellulose Nanofibrils (CNFs), Cellulose Micro and
Nanocrystals (MCCs and CNCs), and Bacterial Cellulose (BC). The top-down method has been
used for producing CNFs, CNCs, and MCCs. For BC, the bottom-up process is the utilized approach
(Balea et al. 2019).
Both CNFs and CNCs are nanosized, high strength, and high surface area nanofibers
derived from cellulose fibers by mechanical fibrillation and acid hydrolyses, respectively. But their
chemical composition and dimensions are different. Amorphous CNFs form interlinked network
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of fibers. The more crystalline and shorter CNCs typically measures a few hundred nanometers
in length. CNFs and CNCs can be extracted from wood, rice straw, wheat straw, bagasse, banana,
pineapple leaf, cotton and etc. (Onuaguluchi and Banthia 2016).
Table 3 Cellulose Nanofibers (CNFs) Types and Sources (Balea et al. 2019)
Type

Source

High intensity refining process in a Valley Beater Refining time: 6 h
d = 25–250 nm

Sisal (Agave sisalana)

Bleaching (NaClO) Deproteinization (NaOH) and removing of oil and
pigments (CHCl3) Demineralization (HCl) d = 37–55 nm

Waste algae (Cladophora sp.)

Commercial supplied by Sigma-Aldrich, CAS: 9004-34-6
d < 35 nm

Cotton

TEMPO oxidation and fibrillation
L = 0.6–1.7 μm, d = 20–100 nm, COOH = 1850 μmol/g

Bleached hardwood pulp

TEMPO oxidation and fibrillation at 600 bar at 1.5% to obtain a gel (5–
6 cycles), L = 1–2 μm, d = 5–10 nm; COOH = 500 μmol/g,

Bleached Eucalyptus Kraft

TEMPO oxidation and grinding at 1 wt.%
COOH = 1130 μmol/g,

Bleached Eucalyptus
chemithermomechanical pulp

Cellulose filaments (CFs): Commercial supplied by Kruger Biomaterials
Mechanical fibrillation, L = 100–2000 μm, d = 20–200 nm

Wood

Disc grinding method Grinding cycles: 15
L = 1–2.5 μm, d = 20–200 nm

Bleached softwood pulp

Super Masscolloider method Grinding cycles: 35
d (55%) = 40 nm, Mean d = 50 nm

Bleached Eucalyptus Kraft

Grinding method Grinding cycles: 10
L > 1 μm, mean d = 16.2 nm

Unbleached bamboo
organosolv

Chemical and mechanical pretreatment Homogenization

Pine Kraft

Only chemical treatment

L = 1.1. mm, Mean d = 45 μm L/d = 24.4, Density = 30 kg/m3

Recycled cartonboard

Microcellulose Sigmacell 101 Nanocellulose in gel at 3%

unknown
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Table 3 shows information about the dimension, production procedure and source of
CNFs used in different investigations on cement-based composites. Table 4 and Table 5 show the
same information for MCCs and CNCs and BC respectively (Balea et al. 2019).

Table 4 Cellulose Micro and Nanocrystals (MCCs and CNCs) Types and Sources(Balea et al. 2019)
Type

Source

CNC Produced via sulfuric acid hydrolysis 0.814 wt.% surface sulfate content Freeze-dried powder

Eucalyptus

CNC Produced via sulfuric acid hydrolysis 0.814 wt.% surface sulfate content Dispersed in water by sonication

Eucalyptus

Commercial MCC, Sigma Aldrich

Cotton

MCC (Avicelâ PH101) plus Carbon nanotubes (CNTs);
L = 2–260 μm, mean d = 49.1 μm, (MCC) L = 10–30 μm, d (inner) = 2–5 nm, d (outer) < 8 nm (CNTs)

Cotton linters

MCC Sulphuric acid solution L = 75–400 μm
L > 150 μm, for about 40% of MCC, d = 10–30 μm Maximum weight loss temperature (◦C) = 300

Cotton linters

Tetraethyl orthosilicate (TEOS) surface-modified MCC Sulphuric acid solution TEOS as silane agent L = 75–400
μm, L > 150 μm, for about 40% of MCC, d = 10–30 μm Maximum weight loss temperature (◦C) = 360

Cotton linters

Commercial MCC (Sigma Aldrich)
Bulk density = 0.459 g/mL

unknown

Table 5 Bacterial Cellulose (BC) Types and Sources (Balea et al. 2019)
Type

Source

Zetasizer (75 nm) crystallinity (DXR) = 65% BC was
used for coating bagasse fibers before mixing

Gluconacetobacter xylinus cultured in
Hestrin–Schramm medium

Zetasizer (75 nm) crystallinity (DXR) = 65% Freezedried powder

Gluconacetobacter xylinus cultured in
Hestrin–Schramm medium

Zetasizer (75 nm) crystallinity (DXR) = 65% BC
dispersed in water forming a gel

Gluconacetobacter xylinus cultured in
Hestrin–Schramm medium

In an investigation, using sisal-based CNFs, researches showed that the cement mortar
composites reinforced with the CNFs exhibited enhanced flexural properties (Ardanuy et al.
2012). Another study using the same material found that composites reinforced with the
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nanofibrillated cellulose exhibited significantly higher flexural strength and flexural modulus
(Claramunt et al. 2015). Cengiz et al. (2017) demonstrated that using nanofibers derived from
waste algae can increase 2.7 times the flexural stress of the concrete. In a study by Mejdoub et
al. (2017), it has been shown that incorporating nanofibrillated cellulose from eucalyptus pulp,
produced by high-pressure homogenization, will improve compression strength.
El Bakkari et al. (2019) tried to prepare cellulose nanofibers from hardwood bleached
chemithermomechanical pulp for cement applications. Hisseine et al. (2018; 2019) performed
investigations on cellulose filaments in cement-based composites. They found that adding
cellulose filaments enhances the mechanical performance of cement systems and improves
degree of hydration (Hisseine et al. 2018b; a, 2019). Onuaguluchi et al. worked on the effects of
cellulose nanofiber gel suspension on the properties of cement pastes, showing that degree of
hydration, flexural strength and energy absorption improved in pastes with cellulose nanofiber
(Onuaguluchi et al. 2014).
Researchers tried to use eucalyptus cellulose micro/nanofibrils (Soares Fonseca et al.
2016) and, nanofibrillated cellulose and cellulosic pulp derived from unbleached bamboo (da
Costa Correia et al. 2018) in extruded fiber-cement composites.
In a pilot project (Nilsson and Sargenius 2011), effects of pine Kraft microfibrillar cellulose
on concrete equivalent mortar fresh and hardened properties have been investigated. Mohamed
et al. (2010) found that incorporating micro-cellulose fibers in self compacting concrete can
improve compressive and flexural strengths.
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Cao et al. (2015) used cellulose nanocrystals (CNCs) to improve the performance of
cement paste. They found that CNCs can increase flexural strength and the degree of hydration
of cement pastes. They further showed that adding CNC can improve the flexural strength of
cement paste by up to 50 % (Cao et al. 2016b). Also, the influence of CNCs on the microstructure
of cement paste was studied by researchers (Cao et al. 2016a; Flores et al. 2017). Fu et al. used
nine various CNCs for improving the hydration and flexural strength of Portland cement pastes
(Fu et al. 2017).
In an investigation by Alshaghel et al. (2018), effects of multiscale reinforcement on the
mechanical properties and microstructure of microcrystalline cellulose-carbon nanotube
reinforced cementitious composites were studied. They showed some improvements in flexural
and compressive strength. Examining the modified microcrystalline cellulose (MCC) fiber, derived
from cotton, as a potential mineral admixture in cement mortar composite was the main object
of the study performed by Anju et al. (2016). They observed some enhancements in flexural and
compressive strength. The effect of cellulose microcrystalline particles (MCC) on the properties
of cement-based composites studied by Gómez Hoyos et al. (2013), who found adding MCC
increases the degree of hydration (DOH).
Mohammadkazemi et al. (2015) worked on manufacturing of bacterial nano-cellulose
reinforced fiber cement composites. In another investigation, Mohammadkazemi et al.
(2017) studied the improvement of bagasse fiber–cement composites by addition of bacterial
nanocellulose.
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In an investigation in the University of Maine, researchers found that the addition of small
quantities of CNFs and microcellulose fibers improves fracture toughness of high-performance
concrete by up to 50% (Peters et al. 2010).
Based on above mentioned investigations, it can be seen that while some important work
has been done, studies on the use of various types of cellulose nanofibers as
additives/reinforcements in cement composites are limited. An extensive literature search led to
only 15 papers from 10 research groups using 13 different types of CNF (see Table 3). However,
the few available studies suggest good potential, especially if nanofibers could be dispersed
homogenously in cement matrices.
2.3.3 CNF from the UMaine Process Development Center (PDC)
Here in the UMaine, we have PDC with up to date equipment, and professional
researchers that can help us for research and development projects. The great and special
potential of mass production of CNF (one ton per day) in the University of Maine and promising
results from previous researches encouraged us to work on the effects of the UMaine CNF on the
cement-based composites.
As has already been said, very little work has been done with this particular material
(Balea et al. 2019) and this is one of the first investigations into discovering the effects of CNF on
cement-based composites.
The UMaine CNFs are hydrophilic biodegradable nanoparticles (typically, less than 0.2 mm
in length and 20-50 nm in width) that are often branched or forked and produced from bleached
kraft softwood pulp. They are promising nanoscale material given their low density (1.0 g/cc
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slurry), low toxicity, low cost ($1.25/lb. = $2.76/kg slurry), high aspect ratio, and high specific
surface (31–33 m2/g) that enable functionalization. These CNFs were extracted mechanically (not
chemically/thermally) from northern bleached softwood Kraft pulp (spruce/fir). Figure 1 shows
Scanning Electron Microscope image of CNF (UMaine Process Development Center 2019). As
shown in Figure 2, the as-received CNF materials were in a white slurry form (3% solid nanofibrils
and 97% water). More than 99% of the CNFs which are produced by the UMaine Process
Development Center is cellulose. Fine (length < 200 µm) content was 90%.
Most recent research has concentrated on the utilization of CNF in traditional highvolume, low-cost products, such as packaging, paints, composites, and food. However, these
properties and previous studies have led us to believe there could be a useful role for CNFs as an
additive to Portland cement concrete systems for shrinkage reduction, as well as an internal
curing agent. Previous work showed that the addition of small quantities of these CNFs and
microcellulose fibers improved fracture toughness of high-performance concrete by up to 50%
(Peters et al. 2010).

Figure 1 SEM image of CNF
(UMaine Process Development Center)
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Figure 2 As-received Cellulose Nano-Fibrils (CNF)

We hypothesize that CNFs offer the potential for improved performance of cementitious
composites using a material that is renewable, sustainable, and is suited for mass production.
The CNF materials used in this research were produced by the University of Maine Process
Development Center.
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CHAPTER 3
PRELIMINARY INVESTIGATIONS
3.1 introduction
The main goal of this preliminary investigation was to gather some baseline data on CNF
and its effects on cement pastes, mortars, and concrete. In addition, the role of superplasticizers
(SP) was also investigated. The specific objectives were to evaluate the effect of CNF dosage on
workability and compressive strength. The results of this particular work would then be used to
develop a more comprehensive experimental program.
3.2 Materials and Preparation
Table 6 shows the number of batches and specimens made in this section. Plastic 2*4 in.
cylindrical molds have been used for cement paste and mortar and plastic 3*6 in. cylindrical
molds for concrete specimens. A FORNEY (capacity = 325000 lbs.) compression testing machine
has been used for measuring the compressive strength following ASTM C39/C39M 2018.
Table 6 Batches and specimens
Type of Specimen
Cement paste
Mortar
Concrete
Total

No. of Batches
42
10
39
91

No. of Specimens
106
40
249
395

Size of Cylindrical Specimen
2*4 in.
2*4 in.
3*6 in.

Table 7 shows the materials that were used for casting the specimens. CNF specifications
can be seen at CNF Product Specification Sheet (UMaine Process Development Center 2019).
However, we talked about all specifications in Chapter 2 as well. Batched mixed by regular
KitchenAid 6 and 12 quarts mixers. All specimens were demolded after 1 day and then were cured
in the UMaine concrete lab wet room (T = 23° C, RH = 99%).
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Table 7 Materials
Material
Cement
CNF
Super Plasticizer
Sand
Gravel
Water

Source
QUIKRETE Portland Cement Type I/II (94 lb. bag) - commercial grade - complies with
(ASTM C150/C150M 2019)
Concentration (Solids) = 3.0% from Process Development Center (PDC) at UMaine
ADVA 190 (polycarboxylate-based high-range water-reducing admixture)
QUIKRETE all-purpose sand (50 lb. bag) – Fineness Modulus = 2.7
Bulk fine gravels (passing 3/8”, 9.5 mm) from “Owen J. Folsom, INC.” Old Town. ME.
Gravels screened by sieve No. 4.
UMaine concrete lab’s tap water

Table 8 shows the compositions of the QUIKRETE Portland Cement Type I/II cement that
we used in this research. Blaine fineness of this cement is 378 m2/kg.
Table 8 Cement composites (Cement mill test report)
Composition

(%)

Composition

(%)

SiO2

20.1

Na2O

0.4

Al2O3

3.6

K2 O

1.0

Fe2o3

3.0

C3S

59

SO3

3.4

C2S

11

CaO

62.0

C3A

4

MgO

3.3

Loss on ignition

2.3

Different mixing procedures (showed in Table 9, Table 10, and Table 11) were used to find
an efficient procedure. Between all mixing times, bowl was scraped by spatula. Example: mixing
time = 5-5-1, means: 5 minutes mixing, scrape, 5 minutes mixing, scrape, and 1-minute mixing
and so on.
3.3 Cement Paste Specimens Test Matrix and Results
Table 9 shows test matrix and average compressive strength results for CNF-reinforced
cement paste specimens. As it can be seen 42 batches (106 specimens) used for studying the
pastes. We cast specimens with different w/c ratios, CNF volumes and SP dosages.
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Mixes with w/c ratios of 0.35, 0.40, 0.45, and 0.50 were investigated in this section. CNF
dosages were 0.0%, 0.2%, 0.5%, 0.8%, 1.0%, 1.2%, 1.5%, 1.7%, and 2.0% by volume. For SP
dosages, 0.0%, 0.3%, 0.5%, 1.0%, 2.0%, and 5.0% (by weight of cement) have been used.
Table 9 Test matrix and results for CNF-reinforced cement paste (2*4 in. specimens)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

W/C
(%)
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
50
50
50
50
50
50
50
50
40
40
45
45

CNF
(% vol.)
0.0
0.0
0.2
0.5
1.5
1.5
0.5
0.2
1.5
1.0
1.0
0.8
0.8
1.2
1.2
1.2
1.2
1.2
0.0
1.0
1.0
1.5
1.5
2.0
2.0
1.7
1.7
1.5
1.5
1.5
1.5

SP
(% wt.)
0.0
0.0
0.0
0.0
0.0
0.3
0.5
0.5
0.5
0.0
0.5
0.5
0.0
0.0
0.5
1.0
2.0
5.0
5.0
0.0
0.5
0.0
0.5
0.0
0.5
0.0
0.5
0.0
0.5
0.0
0.5

No. of
Specimens
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

32

35

0.0

0.0

4

33

35

0.2

0.0

4

34

50

1.7

0.5

4

35

35

0.5

0.0

4

36

35

0.5

0.5

4

37

35

0.5

0.5

4

38

35

0.5

0.5

4

39

35

0.0

0.5

4

No.
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Age
(weeks)
--4
4
4
4
4
4
4
5
7
7
7
7
6
6
6
4
----4
4
4
4
4
4
4
4
4
4
4
4
4
10
4
10
4
9
4
9
4
9
4
8
4
8
4

Avg. comp.
str. (MPa)
------49.2
53.8
52.2
57.6
58.9
63.1
64.3
63.7
55.8
57.2
56.6
56.9
61.0
50.5
----28.9
36.9
34.6
34.4
29.9
39.5
44.5
36.6
69.2
67.0
55.6
60.4
41.7
44.5
55.0
63.1
48.0
45.0
59.1
64.9
37.8
60.3
54.1
64.3
52.7
64.8
65.5

Mixing time (min.)
and comments
Discarded
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
Discarded
Discarded
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5
5-5-1
5-5-5
2-5-5-5
3-10-10-10
5-5

Table 9 Continued
40
41
42

40
40
40

0.0
0.0
0.0

0.0
0.5
0.5

4
4
4
106

4
4
4

45.8
59.2
72.1

5-5
5-5
5-5

Figure 3 shows average 28-day compressive strength vs CNF vol. (%) for cement pastes
with different w/c ratios. Numbers on points show respective batch number in Table 9.

Figure 3 Average 28-day compressive strength vs CNF vol. (%) for cement pastes
The results show the effects of adding CNFs and SP. It can be seen that the results are not
systematic. Sometimes increasing CNFs improves compressive strength (e.g. see batches 20, 22,
27, and 25). But this is not a trend for all mixtures. For example, batches 21,22, and 24 show
decrease in strength due to incorporating higher dosages of CNF at the same w/c ratio = 50%.
These scattered results can be observed for other w/c ratios and mixtures in this figure as well.
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The main reason of fluctuation in compressive strength in Figure 3 is incorporating CNFs which
are non-uniform nanomaterials. Also, uniformly dispersing CNFs in cement paste matrix could be
an issue. Agglomerated CNFs could be a flaw and a weak point inside the cement matrix which in
turn results lower compressive strength.
3.4 Mortar Specimens Test Matrix and Results
Table 10 shows the results and test matrix for mortars with various mixing procedures.
Water to cement ratios varied from 0.40 to 0.75 (0.40, 0.45, 0.50, 0.55, and 0.75). CNF dosages
(by volume) were 0.0%, 0.2%, 0.3%, and 0.5%. SP dosages were 0.0%, and 1.0% by weight of
cement.
Table 10 Test matrix for CNF-reinforced mortar (2*4 in. specimens)
No.

W/C
(%)

Cement
Content
(kg/m3)

CNF
(% vol.)

SP
(% wt.)

No. of
Specimens

Age
(weeks)

Avg.
comp. str.
(MPa)

Mixing time (min.)
and comments

1
2
3
4
5
6
7
8
9
10

75
55
55
55
50
45
55
40
40
40

325
425
425
425
425
425
475
475
475
475

0.5
0.5
0.0
0.5
0.5
0.3
N/A
0.0
0.5
0.2

1.0
1.0
1.0
1.0
1.0
1.0
0.0
0.0
1.0
1.0

4
4
4
4
4
4
4
4
4
4
40

4
4
4
4
4
4
--4
--4

27.9
36.7
67.1
34.0
37.1
38.9
--40.4
--55.0

5-5-5-5
1-5-10-5
5-5
5-5-5
5-5-5
1-1-5-5-10
Discarded
2-5-5
Discarded
1-2-5-5
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Figure 4 Average 28-day compressive strength vs CNF vol. (%) for mortar specimens

Figure 4 shows the same compressive strength results (28 days) for different w/c ratios.
Numbers on points show respective batch numbers in Table 10. Again, the results are not
systematic. Results for batches 8, and 10 (w/c = 40%) show improvement in compressive strength
by adding CNFs but compressive strengths of batches 3, 2, and 4 (w/c = 55%) do not show the
same trend. As explained in previous section, non-uniform nature of CNFs and
dispersion/agglomeration effects could be the main reason of this scattering.
3.5 Concrete Specimens Test Matrix and Results
Table 11 depicts test matrix and results for concrete specimens. Here, we adjusted
parameters to see their effects on compressive strength and workability. We used different
gravel/sand ratios and cement contents. Also, we changed w/c, CNF volume, and SP dosage.
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Mixes with w/c ratios of 0.40, and 0.50 were investigated in this section. CNF dosages were 0.0%,
0.1%, 0.2%, 0.3%, 0.4%, and 0.5% by volume. For SP dosages, 0.0%, 0.5%, 1.0%, 2.0%, 2.5%, 3.0%,
and 5.0% (by weight of cement) have been used. Gravel/sand ratios were 1.1, and 1.2, and 1.5.
We used 4 cubic feet (110 liters) drum mixer for understanding the difference between
mixing with small 12-quart kitchen mixer and big drum mixer. Some concrete specimens (batch
no. 22-27 and 30-39) were made for checking the workability and other properties, not for
compressive strength so were discarded after checking the workability.
Figure 5 displays the 28-day results for concrete specimens. Numbers on points show
respective batch numbers in Table 11. The figure shows that adding CNF, usually hurts
compressive strength (e.g. see batches 1, 4, 5, 7, and 8) but there are some exceptions. For
example, batches 2, 7, and 10 show compressive strength improvement due to adding CNFs
dosages.

As

discussed

in

previous

sections,

non-uniform

nature

of

CNFs,

and

dispersion/agglomeration situation could be the main reason of these scattered results.
Figure 6 shows the average compressive strength at different ages for two batches made
by drum mixer. It can be seen that plain system shows increasing trend but results for CNF
reinforced concrete shows fluctuation.
Table 11 Test matrix for CNF-reinforced concrete (3*6 in. specimens)
No.

W/C
(%)

1
2

40
40

Cement
Content
(kg/m3)
550
550

3

40

4
5

CNF
(% vol.)

Gravel/Sand

SP
(% wt.)

No. of
Specimens

Age
(weeks)

0.0
0.2

1.1
1.1

0.0
0.5

4
4

550

0.1

1.1

0.5

4

40
40

550
550

0.1
0.2

1.1
1.1

0.5
2.0

4
4

6

40

550

0.3

1.1

2.0

4

7

40

550

0.3

1.1

2.0

4

4
4
1
2
4
4
1
2
4
9

24

Avg.
comp. str.
(MPa)
29.4
11.6
19.5
22.2
27.0
26.5
14.2
14.3
15.0
15.1

Mixing time
(min.) and
comments
2-5-5
2-2
2-5-5
2-5-5
5-5
5-5
5-5

Table 11 Continued
8
9
10
11
12
13
14
15
16
17
18

40
40
40
40
40
40
40
40
40
40
40

550
550
550
580
580
580
580
580
580
550
550

0.4
0.5
0.5
0.0
0.1
0.2
0.3
0.4
0.4
0.1
0.5

1.1
1.1
1.1
1.2
1.2
1.2
1.2
1.2
1.2
1.1
1.1

2.5
3.0
5.0
0.0
0.0
0.5
1.0
2.0
2.0
0.5
0.0

4
4
4
4
4
4
4
4
4
4
4

19

40

580

0.0

1.2

0.0
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20

40

580

0.4

1.2

2.0

4

21

40
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Figure 5 Average 28-day compressive strength vs CNF vol. (%) for concrete specimens
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Figure 6 Average compressive strength vs age for w/c = 40%
[batch no. 19 (CNF = 0.0%) and batch no. 21 (CNF = 0.1%), mixed using drum mixer]
3.6 Conclusions
These preliminary results were not encouraging, as CNF additions adversely affected both
workability and strength. However, the work did provide valuable insight on working with CNFs,
and the challenges in properly incorporating CNFs into cement-based materials. Specific lessons
are as follows:
•

Increasing CNF reduces workability. Working with high dosages of CNF without using SP is
almost impossible.

•

Super plasticizer helps workability but affects the results so we tried to remove SP in our
future batches to see exclusively the effects of CNF.
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•

We decided to use sealed method for curing the future specimens in an attempt to remove
the influences of external moisture on specimens.

•

Specimens mixed by kitchen mixer are completely different in comparison with ones made
by drum mixer. We decided to work with small mixers, because it was easier to control the
variables and mixing procedure.

•

Usually, results for CNF reinforced specimens show fluctuation.

•

We decided to focus on cement paste in an attempt to reduce the variables by removing sand
and gravel.

•

We found that premixing CNF with water before mixing it with cement helps to cast a better
specimen.
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CHAPTER 4
EFFECTS OF CELLULOSE NANOFIBRILS ON THE PERFORMANCE OF CEMENT PASTE AND
CONCRETE
4.1 Introduction
Based on the lessons learned in the preliminary study, a comprehensive laboratory testing
program was developed with the goal of quantifying the effects of different CNF dosages on
selected fresh and hardened properties of cement paste and concrete.
Main goal of these comprehensive tests was to study how the CNFs affect workability,
rheology, shrinkage, fracture properties, and compressive strength of cement paste. In the
cement paste study, 32 batches with variable CNF concentrations in 4 groups with different
water-to-cement (w/c) ratios were prepared and tested.
Additional tests were run for concrete mixes. For the concrete specimens, the primary
focus was on workability effects and compressive strength. In the concrete study, twelve batches
with different CNF volumes were prepared and tested. The results of this work would then be
used to develop another comprehensive experimental program in next Chapter.
4.2 Materials and Specimen Preparation
4.2.1 Cement Paste Mix
The CNF-modified cement paste composites used in this research were prepared by
mixing CNF suspensions, water, and cement powder to obtain mixtures with different
concentrations of each constituent CNF. Portland cement Type I/II (commercial grade) that
complies with ASTM C150/C150M 2019, Standard Specification for Portland Cement, was used
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in these tests (Table 8). The CNF materials used in this research were produced by the University
of Maine Process Development Center. The as-received CNF materials were in a white odorless
aqueous slurry form. The concentration of solids is 3.0 % (3 g of nanofibrils and 97 g of water in
100 g of suspension), and the density of aqueous gel is 1.0 g/cm3 (UMaine Process Development
Center 2019).
4.2.1.1 Cement Paste Specimen Preparation
The cement pastes were mixed with a conventional 8-qt rotary kitchen mixer. Traditional
ultrasonication method for homogenization/dispersion of nanomaterials was not found to be
effective for CNF; hence, the following procedure was used for mixing the pastes: (1) the CNF
suspension was mixed with water in a separate 6-qt rotary kitchen mixer for 180 seconds at a
speed of 95 r/min (homogenization/dispersion); (2) the solution from Step 1 was combined with
cement powder and mixed at a speed of 60 r/min for 120 seconds; (3) the mix was allowed to
rest for 15 seconds; (4) additional mixing for 60 seconds at a speed of 95 r/min; (5) rest for 15
seconds; (6) mixing for 60 seconds at a speed of 115 r/min; (7) rest for 15 seconds; and finally,(8)
mixing at a speed of 135 r/min for 60 seconds. At each 15-second rest, a spatula was used to
scrape the wall and bottom of the mixing bowl. The CNF concentrations of each batch were
calculated based on volume fraction with respect to cement. Cement pastes were prepared at
four different groups with different water to cement (w/c) ratios. For each group, eight different
CNF concentrations were used. A total of 32 cement paste batches were prepared in 4 different
groups. These groups are shown in Table 12.
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Group 4 - W/C = 50%

Group 3 - W/C = 45%

Group 2 - W/C = 40%

Group 1 - W/C = 35%

Table 12 Test matrix for CNF-reinforced cement paste
Mix no.
1 (Reference)
2
3
4
5
6
7
8
9 (Reference)
10
11
12
13
14
15
16
17
18
(Reference)
19
20
21
22
23
24
25
26
(Reference)
27
28
29
30
31
32

W/C (%)
35
35
35
35
35
35
35
35
40
40
40
40
40
40
40
40
45
45
45
45
45
45
45
45
50
50
50
50
50
50
50
50

CNF (% Volume)
0.00
0.05
0.10
0.20
0.50
1.00
1.50
3.00
0.00
0.05
0.10
0.20
0.50
1.00
1.50
3.00
0.00
0.05
0.10
0.20
0.50
1.00
1.50
3.00
0.00
0.05
0.10
0.20
0.50
1.00
1.50
3.00

Cement (g)
4120
4119
4118
4116
4110
4101
4091
4062
3833
3832
3831
3830
3825
3816
3808
3783
3583
3583
3582
3580
3576
3568
3561
3539
3364
3363
3363
3361
3358
3351
3345
3325

Water (g)
1442
1421
1399
1356
1228
1014
802
171
1533
1513
1493
1453
1334
1135
937
348
1612
1594
1575
1538
1426
1240
1054
503
1682
1664
1647
1612
1506
1332
1157
639

CNF Slurry (g)
0
22
44
87
217
434
649
1290
0
20
41
81
202
404
604
1201
0
19
38
76
189
378
565
1124
0
18
36
71
178
355
531
1056

CNF (% weight)
0
0.016
0.032
0.064
0.158
0.318
0.476
0.952
0
0.016
0.032
0.064
0.158
0.318
0.476
0.952
0
0.016
0.032
0.064
0.158
0.318
0.476
0.952
0
0.016
0.032
0.064
0.158
0.318
0.476
0.952

As detailed below, the electric current drawn by the mixer as well as its power factor was
logged during the entire mixing process. As further detailed below, flow table tests were
conducted immediately after completion of the mixing procedure.
4.2.2 Concrete Mix
Concrete mixes were prepared with the primary goal of evaluating the effects of CNF on
workability. Concrete mixtures were prepared by mixing CNF slurry, water, sand, gravel, and
cement to make batches with different concentrations of CNF. Twelve different concrete batches
prepared in four groups are described in Table 13.
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Portland cement Type I/II (commercial grade) that complies with (ASTM C150/C150M
2019) was used for concrete mixtures. Cement composition can be found in Table 8. The CNF
materials used in concrete were produced by the University of Maine Process Development
Center. The as-received CNF materials were in a white odorless aqueous slurry form (Figure 2).
The concentration of solids is 3.0 %, and the density of aqueous gel is 1.0 g/cm3 (UMaine Process
Development Center 2019). QUIKRETE all-purpose sand (50 lb. bag), Fineness Modulus = 2.7,
complying with (ASTM C33 / C33M 2018) were used in this work. Bulk fine gravels (passing 3/8”,
9.5 mm) were provided by “Owen J. Folsom, INC.”, Old Town, ME. All gravels were used after
screening by sieve No. 4 (4.76 mm).
Table 13 Test matrix for CNF-reinforced concrete.
Mix no.
1
2
3
4
5
6
7
8
9
10
11
12

CNF (% volume)
0
0
0
0.1
0.1
0.1
0.2
0.2
0.2
0.3
0.3
0.3

W/C (%)
45
50
55
55
60
65
60
65
70
65
70
75

Cement (g)
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600

Water (g)
1170
1300
1430
1346
1476
1606
1392
1522
1652
1438
1568
1698

Sand (g)
5119
4971
4823
4823
4676
4528
4676
4528
4380
4528
4380
4233

Gravel (g)
6143
5965
5788
5788
5611
5434
5611
5434
5256
5434
5256
5079

CNF Slurry (g)
0
0
0
87
87
87
173
173
173
260
260
260

4.2.2.1 Concrete Specimen Preparation
The following procedure was used to mix the concrete and slump test: (1) CNF suspension
was mixed with water in a separate 6-qt rotary kitchen mixer for 180 seconds at a speed of 95
r/min (homogenization/dispersion); (2) the solution from the previous step was mixed with
cement, sand, and gravel at a speed of 95 r/min for 180 seconds; (3) after completing the mixing
procedure, a slump test was done. The cement and CNF used for concrete specimens were the
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same as that used for preparing cement paste. All-purpose sand and bulk gravel (passing a 3/8in. sieve) was used in the concrete specimens (Table 7).
4.3 Experimental Testing Procedures
4.3.1 Cement Paste Rheology Tests
The goal of the work described in this section was to quantify the rheological properties
of cement paste with varying w/c ratios and CNF contents. To realize this goal, two methods were
employed. The first method consisted of using a conventional rotary mixer connected to a datalogging ammeter such that torque could be measured as a function of rotational speed. The
second method employed a standard flow table test. Details of these methods are presented
below.
4.3.1.1 Kitchen Mixer Rheometer
There are a number of commercially available instruments for measurements of concrete
rheology. A comprehensive study at the National Institute of Standards and Technology showed
that the different instruments actually produced widely different values for both yield stress and
viscosity (Ferraris and Brower 2003). Since the basic goals of this study were to measure relative
differences in rheological properties between different paste mixes with CNF additions, a simple
method was developed using a conventional rotary kitchen mixer.
The torque required to move the fresh paste at different mixer speeds was used to
develop a torque–rotational speed relationship. The basis for this method was recognition that
a higher viscosity cement paste would require more torque to drive the electric mixer to a given
speed. Hence, a data-logging ammeter was connected to the mixer so that the current could be
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monitored as the mixer ran at different speeds. Through the application of basic electrical
machinery principles, the current and voltage measurements could be converted to a torque
applied to the mixing paddle. As shown below, the relationship between torque and rotational
paddle speed serves a proxy for viscosity.
The ammeter used in this work was a HOBO Plug Load Logger (Onset Computer
Corporations, Bourne, MA), which includes a computer interface. An 8-qt rotary kitchen mixer
was used to mix the cement paste. Figure 7 shows the setup for kitchen mixer rheometer.

Figure 7 Setup for kitchen mixer rheometer

Four speeds were used for mixing the paste in this study, 60, 95, 115, and 135 r/min. A
detailed mixing procedure can be found in previous sections. Currents and power factor were
measured during mixing at each of the different speeds, as illustrated in Figure 8.
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Figure 8 Typical current versus time results

The calculation of mixer torque required several additional electrical measurements,
namely voltage and resistance. Both these measurements were made using a handheld
multimeter while the instrument was operating at different speeds.
The torque required to turn the mixer paddle was calculated using the following relationship:
T=

$%
&∗

(∗)
*+

(1)

where T is the torque (N · m), ω is the rotational speed in r/min, and Pm is the mechanical power
(VA), which can be estimated by the following:
P- = P. − P 0122.2 (2)
where the Pe is the electric power (VA) calculated as follows:
P. = V ∗ I ∗ PF (3)
and Plosses is the power losses defined as follows:
P 012.22 = I 6 ∗ R (4)
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In these last two expressions, I is the current in amperes, V is the voltage (volts), and PF
is the measured power factor. R is the resistance in ohms.
Recognizing that a certain amount of torque is required to turn the mixing paddle without
any paste in the mixing bowl, a net torque, Tnet, is defined as the difference between the torque
measured with paste, and the torque measured without paste, or:
T8.9 = T-.:2 − T; (5)
where Tmeas is the measured torque for paste (N · m), and T0 is the torque for paddle only (N·m).
For more information please see (Alyaseen 2017).
4.3.1.2 Cement Paste Flow Table Test
A flow table test based on (ASTM C1437 2015), Standard Test Method for Flow of
Hydraulic Cement Mortar, was performed for each batch directly after finishing the mixing
procedure. The result is the flow in percentage, for each batch.
4.3.2 Cement Paste Free-Shrinkage Test
After mixing, two cold-rolled steel molds with dimensions of 1 by 1 by 11.25 in. (25.4 by
25.4 by 285.75 mm) were used to make the specimens. (ASTM C157/C157M 2017), Standard Test
Method for Length Change of Hardened Hydraulic- Cement Mortar and Concrete, was used to
cast the specimens. After 24 hours of curing in a wet room, the specimens were demolded and
stored in an enclosed plastic chamber throughout the data collection period. Length
measurements were made using Dial Indicator H-3250 (Humboldt Manufaturing Inc., Raleigh,
NC), a length comparator. This device meets the requirements of both (ASTM C157/C157M 2017)
and (ASTM C490/C490M 2017), Standard Practice for Use of Apparatus for the Determination of
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Length Change of Hardened Cement Paste, Mortar, and Concrete. The specimens were named
and marked for the upper and lower ends to ensure that all specimens are placed in the same
direction and at the same position in the length comparator device at each measurement.
The initial reading (reference) of the specimen’s length was taken directly after demolding the specimens, which means after 1 day after water was added to the cement.
Subsequent readings were taken at 3, 5, 7, 11, 14, 21, 28, and 90 days of aging. At each reading,
the temperature and relative humidity were recorded. For more information please see (Ahmed
2017).
4.3.3 Cement Paste Compressive Strength Test
After mixing the paste, two 2-in. (50.8 mm) cube molds were used to make two specimens
for each batch. Molds were kept inside zipped bags (sealed condition) for 24 hours. Then,
specimens were demolded and cured inside other zipped bags (sealed condition) for 28 days.
(ASTM C109/C109M 2016), Standard Test Method for Compressive Strength of Hydraulic Cement
Mortars (Using 2-in. or [50-mm] Cube Specimens), was used to break the specimens and measure
the compressive strengths aged at 28 days. Results are the average value of the compressive
strengths of two specimens for each batch.
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4.3.4 Notched Beam Test for Cement Pastes
Notched beam tests were done after 28 days for all cement pastes (2 specimens for each
batch in Table 12), using a hybrid fracture test that combines the measurements required for the
two-parameter fracture model of Jenq and Shah (Shah et al. 1995) and the measurements
required for concrete fracture energy (RILEM 1985). In this hybrid approach, tests were
conducted using Crack Mouth Opening Displacement (CMOD) control, while load-point
displacement was also recorded.

Figure 9 Instron machine used for notched beam test
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Using this method, we could measure the modulus of elasticity (E in GPa) and the material
fracture parameters, critical crack length (ac in mm) and fracture energy (Gf in J/m2). The beams
were tested in an Instron closed-loop testing machine that can be seen in Figure 9.
As can be seen in Figure 10, the span, depth, and width of the beams were 180 mm, 40
mm, and 30 mm respectively. The beams had an initial notch of 13 mm (1/3 of depth), and the
notch was created by an electric saw. The three-point bending test of notched beams done in
CMOD (crack mouth opening displacement) control mode and the rate of loading was 0.015
mm/min. A linear variable displacement transducer (LVDT) mounted on the notch, controls the
CMOD opening. The test consisted of loading the beam until a crack happens. Then the specimen
was unloaded and reloaded so that the crack grew steadily. Figure 10 shows how LDVT controls
the loading procedure (Peters et al. 2010; Shah et al. 1995).

Figure 10 Typical load-CMOD (Crack Mouth Opening Displacement) curve
(Peters et al. 2010; Shah et al. 1995)
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This figure shows a typical load-CMOD (Crack Mouth Opening Displacement) curve (Shah
et al. 1995). Figure 11 shows the meaning of Gf which is the area under load-midspan
displacement curve divided by the area of the crack surface.

Figure 11 Typical load-midspan displacement curve

4.3.5 Concrete Slump Tests
A slump test, which was based on (ASTM C143/C143M 2015), Standard Test Method for
Slump of Hydraulic-Cement Concrete, was performed for each batch directly after finishing the
mixing procedure. The result is the slump in centimeters, for each batch.
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4.3.6 Concrete Compressive Strength Test
After mixing the concrete, four 3 by 6 in. (76.2 by 152.4 mm) cylinder molds were used to
mold four specimens for each batch. Molds were kept inside a wet room for 24 hours. Then
specimens were demolded and cured inside a wet room for 28 days. (ASTM C39/C39M 2018),
Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens, was used to
break the specimens and measure the compressive strengths aged for 28 days. Results are the
average value of compressive strengths of four specimens for each batch.
4.4 Results and Discussions
4.4.1 Cement Paste Rheology
4.4.1.1 Cement Paste Kitchen Mixer Rheometer
Using measured parameters by ammeter and the equations mentioned before, net
torque for each batch at different rotational speeds was calculated. Figure 12, shows the
relationship between the net torque (N · m) and the rotational speed (r/s) for each group
(different w/c ratios) at different CNF ratios. It was observed in all mixtures that torque is
increased when the rotational speed is increased. If one assumes that cement pastes follow the
Bingham model, then we need to determine yield stress and viscosity for each mixture. Initiation
torque (torque at first rotational speed) can be interpreted as an index of yield stress, and the
slope of each line can be seen as an index of viscosity for that particular mixture.
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Figure 12 Net torque versus rotational speed
(a) Group 1, w/c = 0.35; (b) Group 2, w/c = 0.40; (c) Group 3, w/c = 0.45; and (d) Group 4, w/c = 0.50.
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Results for initial torque and relative viscosity versus CNF in different groups are shown
in Figure 13. It can be seen that, in all groups, increasing CNF leads to increasing initiation torque
as well as relative viscosity. These results show that increasing CNF dosage leads to poorer
workability. Furthermore, the effects are more severe at lower w/c ratios (0.35, and 0.40).

Figure 13 Relative rheological parameters: (a) initiation torque and (b) relative
viscosity.
The results in Figure 13 (a) show at low CNF dosages, effect of CNF addition on initiation
torque is small for mixtures with high w/c ratios (0.45, and 0.50). This effect is greater at lower
w/c ratios (0.35, and 0.40). Figure 13 (b) shows at low CNF dosages, effect of CNF is not significant
on relative viscosity for all w/c ratios.
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4.4.1.2 Cement Paste Flow Table
Figure 14 shows the effect of CNF on the flow table results of different batches in four
groups with various amounts of CNF. The results show that the flow decreased by increasing the
amount of CNF for each group, which means that adding CNF decreased workability for all
groups. These results support the results found using the kitchen mixer rheometer described in
the previous section. A possible interpretation for these results is that the CNF may be
agglomerating in such a way to decrease workability. Results from the flow table tests and
kitchen mixer rheometer tests give a prediction that water in CNF slurry is not available as the
water of the mixture is in fresh cement paste.

Figure 14 Flow versus CNF volume fraction
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4.4.2 Cement Paste Free Shrinkage
Figure 15 shows the results of free shrinkage versus time for 90 days. When aged for 28
days, the results showed that at higher w/c ratios (w/c = 0.40, 0.45, and 0.50) an increase in the
CNF dosage led to an increase in the free shrinkage. At the lowest w/c ratio (w/c = 0.35), however,
small dosages of CNF led to a reduction in free shrinkage when compared with the reference
batch of this group. Using a small rate of the CNF, such as 0.05, 0.1, 0.2, and 0.5 %, has helped to
decrease the free shrinkage. However, no benefit was found in adding other rates, such as 1, 1.5,
and 3 %.
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Figure 15 Shrinkage versus age
(a) Group 1, w/c = 0.35; (b) Group 2, w/c = 0.40; (c) Group 3, w/c = 0.45; and (d) Group 4, w/c = 0.50

This result might be explained if one assumes that the shrinkage can be broken down into
autogenous and drying shrinkage. Recognizing that, for w/c ratios less than 42 %, autogenous
shrinkage can be significant (Jensen and Hansen 2001, 2002), we can assume that for the higher
w/c mixes, we are observing only drying shrinkage.
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The fact that the addition of CNF only increases the shrinkage for these mixes suggests
that the interaction of CNF and mix water perhaps leads to an increase in capillary porosity and
hence greater drying shrinkage. However, the reduced shrinkage for low w/c ratio pastes could
suggest that the CNF may be holding back mix water in a way that resembles an internal curing
agent. That is, the low w/c ratio allows the formation of a low-porosity hardened paste, but the
water held by the CNF is later drawn into the hydration reaction, minimizing self-desiccation, and
reducing autogenous shrinkage. Effects of CNF on shrinkage of cement pastes are very similar to
the effects of cellulose nanopulps on cement-based composites, as obtained by Ferrara et al.
(Ferrara et al. 2015).

Figure 16 Shrinkage versus age for two batches with the same workability (flow)

One other interesting way to consider the shrinkage measurements is to put them in
terms of mixes of similar workability. Figure 16 shows the shrinkage profile of two mixes that had
the same flow table response. One mix had a w/c of 0.35 with no CNF, and the other mix had a
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w/c of 0.40 with 0.2 % CNF. At 28 days, the mix with CNF had 13 % less shrinkage than the mix
without CNF.
4.4.3 Cement Paste Compressive Strength
Results of compressive strength tests for cement pastes in Table 12 can be seen in Figure
17. Again, the results in Group 1 (w/c = 0.35) are different from results in other groups. It can be
observed that small quantities (0.05, 0.1, or 0.2 %) of CNF in Group 1 (w/c = 0.35) improve the
compressive strength. Using 0.05 % of CNF in cement paste increases compressive strength up
to 28 % with respect to the reference paste (without CNF). No clear trend is observed with the
higher w/c mixes, except that in all cases, high dosages of CNF reduce the compressive strength.
The improvement in strength observed in the low w/c ratio mixes can possibly be
explained once again by an effect of internal curing. However, looking at Figure 17 show that this
improvement disappears at higher dosages. The possible explanation for this result is that the
CNF may be agglomerating in such a way to increase flaw sizes in the pastes. At low dosages, such
an effect is small, but it likely dictates ultimate strength at high dosages. It is interesting to note
that in these four plots there is no clear trend for intermediate CNF dosages. An explanation for
these erratic results requires further study.
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Figure 17 Cement pastes compressive strength results

The positive effects at low w/c ratios on both shrinkage and compressive strength led us
to believe that the CNF is acting as an internal curing agent in a manner similar to a super
absorbent polymer (Mechtcherine and Reinhardt 2012). That is, some of the mix water is being
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captured and held by the CNF during mixing but is released later on as hydration
progresses. Such a mechanism would explain both the strength and shrinkage improvements as
it would play a role in minimizing self-desiccation and autogenous shrinkage.
4.4.4 Notched Beam Test for Cement Pastes
Figure 18 and Figure 19 Show a notched beam before and after loading respectively. A
broken beam has been displayed in Figure 20.

Figure 18 Notched beam ready for test

Figure 19 Broken notched beam

Figure 20 Broken notched beam
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Sometimes beam breaks before reaching the peak load in Figure 10. In this case, we can
calculate modulus of elasticity but for measuring the fracture properties (ac and Gf) we need both
loading and unloading curves (Shah et al. 1995). Results for each group of pastes can be seen in
following images. Figure 21 shows the measured modulus of elasticity. Figure 22 and Figure 23
show the critical crack length (ac) and fracture energy (Gf) respectively. Small changes in critical
crack length, ac (Figure 22) show that CNFs are not very important at preventing crack initiation
because they may not always be available at the crack tip. But significant changes in fracture
energy, Gf (Figure 23) suggest that CNFs are effective in preventing crack growth, and the CNFs
play an important role when the cracks try to propagate within the notched beam specimen
(Peters et al. 2010).
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Figure 21 Notched beam results - Modulus of elasticity
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Figure 22 Notched beam results - Critical crack length

53

Figure 23 Notched beam results – Fracture energy
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4.4.5 Concrete Slump
Figure 24 presents the results obtained from the concrete slump tests. This figure shows
slump results for batches in Table 13 versus w/c ratios, displayed in different volumes of CNF.
The plot highlights the observation that increasing CNF dosage leads to reduced workability. It
can be seen that to preserve the slump values, extra water content of 5–8 % has to be added for
every 0.1 % of additional CNF volume incorporated in the concrete mixture. As was suggested
with the results from cement paste, the results here suggest that the water in CNF slurry is not
available as the water of the mixture in fresh concrete, and CNF agglomeration can play a role in
decreasing workability.

Figure 24 Concrete slump test results
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4.4.6 Concrete Compressive Strength
Results of compressive strength tests for concrete batches in Table 13 can be seen in
Figure 25. It is clear from the plot that, in general, increasing the CNF dosage leads to a reduction
in compressive strength for a given w/c ratio. However, it is also interesting to note that unlike
traditional concrete, which loses strength at higher w/c ratios, the CNF-modified concrete is not
so sensitive to the w/c ratio. That is, at a fixed dosage of CNF, the changes in strength with
increasing w/c ratio is very small. This observation suggests that at higher w/c ratios, the
additional porosity set up by the additional water no longer controls the compressive strength,
suggesting that CNF may be agglomerating to form more flaws that ultimately control strength.

Figure 25 Concrete compressive strength results
4.5 Conclusions
An array of tests was conducted with cement paste and concrete modified with CNFs.
Two sets of rheological tests (torque and flow table) on cement pastes show that increasing CNF
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dosages decrease workability, which suggests that CNFs have the ability to retain water in fresh
cement paste. Thus, the water in CNF slurry can’t be counted as mixing water in fresh cement
paste mixture calculation. This is very similar to the effect of Superabsorbent Polymers on cement
pastes (Mechtcherine and Reinhardt 2012). Free-shrinkage tests showed that at low w/c ratio
(w/c = 0.35), small dosages of CNF reduced free shrinkage, while at higher w/c ratios, shrinkage
was not improved and indeed was more severe with higher dosages of CNF. Likewise, with the
compressive strength tests, at a low w/c ratio, small dosages (0.05, 0.1, or 0.2 %) of CNF led to
an improvement in compressive strength. For example, adding 0.05 % CNF increased the
compressive strength of a 0.35 w/c mix up to 28 % compared to the reference paste. However,
at higher w/c ratios, the addition of CNF led to a reduction in compressive strength. Finally, the
results from free shrinkage tests showed that the addition of CNF typically led to additional
shrinkage beyond the control specimen, with the exception of the low w/c ratio mix in which
shrinkage was reduced with the addition of CNF.
For concrete specimens, the study focused only on workability and compressive strength.
Tests showed that the addition of CNF had a detrimental effect on workability. Slump tests
showed that to preserve workability, w/c has to be increased by 5–8 % and has to be added for
every 0.1 % of CNF incorporated in the concrete mixture. Regarding compressive strength, CNF
addition did not have a positive effect. At a given w/c ratio, additions of CNF generally led to
lower compressive strengths. One interesting finding is that when CNF was added to the mix, the
compressive strength became less sensitive to changes in w/c ratio, which suggests that CNF
changes the way critical flaws manifest themselves in higher w/c ratio mixes.
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So overall, a general conclusion is that additions of CNF to concrete mixes can have both
a positive and negative effect on properties. The results in this Chapter were encouraging, as CNF
additions, particularly improved both free shrinkage properties and compressive strength at low
w/c ratio (0.35). Following these promising results, answering the questions about the effects of
CNFs on hydration, and early age properties of cement-based composites will be the main subject
of the comprehensive laboratory testing program in next Chapter.
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CHAPTER 5
HYDRATION AND EARLY AGE PROPERTIES OF CEMENT PASTES AND MORTARS MODIFIED
WITH CELLULOSE NANO-FIBRILS
5.1 Introduction
Chapter 4 showed that adding a small quantity of CNF can reduce free shrinkage by 13%
and improve compressive strength up to 28%. Despite these preliminary successes, important
questions remain about the specific role that CNFs play in cement hydration and the
development of microstructure. Hence, the objective of work in this Chapter was to examine the
changes in hydration process brought on by small dosages of CNF to batches of cement paste,
and to tie those changes to observed early age shrinkage, strength, and fracture properties. In
order to realize this objective, an array of laboratory techniques for measuring both reaction
kinetics and resulting properties were employed. In this Chapter, the focus was on low water to
cement ratio (w/c = 0.35) systems, as previous work in Chapter 4 indicated that these systems
realize the greatest benefit from CNF additions (Haddad Kolour et al. 2018).
The main goal of the tests in this Chapter was to study the effects of CNFs on workability,
rheology, autogenous shrinkage, hydration reaction, degree of hydration, microstructure,
fracture properties, flexural, and compressive strength of cement paste. Six batches with variable
CNF concentrations with the same water-to-cement (w/c) ratio (0.35) were tested. For mortars,
the main focus was on the autogenous and restrained shrinkage.
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5.2 Materials and Specimen Preparation
5.2.1 Cellulose Nano-Fibrils (CNF)
The CNF materials used in this research were produced by the University of Maine Process
Development Center. The concentration of solids was 3.0% (3 g of nanofibrils and 97 g of water
in 100 g of suspension), and the density of aqueous gel was 1.0 g/cm3. More information about
the CNF can be found in Chapter 2 and (UMaine Process Development Center 2019). Because of
their high surface area and surface hydroxyl (-OH) groups, CNFs are hydrophilic and ready for
surface reactivity and interactions.
5.2.2 Specimen Preparation
Two types of specimens were prepared for this work: cement paste and mortar. The paste
specimens were used to study workability, hydration kinetics, early age shrinkage, and
compressive strength, while the mortar specimens were used for early age shrinkage. For the
paste and mortar specimens, Portland cement Type I/II (commercial grade) that complies with
(ASTM C150/C150M 2019), Standard Specification for Portland Cement, was used. Table 8 shows
the chemical compositions of this cement with a Blaine fineness of 378 m2/kg. The mixing
procedures for the paste mixes with and without CNF were the same and are described in Table
14. The cement pastes were mixed with a conventional 8-qt rotary kitchen mixer. Sufficient
periods of mixing were used to improve CNF dispersion (Kawashima and Shah 2011).
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Table 14 Mixing procedures
Mix

Mixing procedure
(1) Add water and CNF suspension, mix for 3 minutes at high speed
(2) Add cement, mix for 1 minute at low speed

Paste

(3) Rest for 15 seconds and scrape bowl
(4) Mix for 4 minutes at high speed
(1) Add superplasticizer, water and CNF suspension, mix for 3 minutes at high speed
(2) Add sand, mix for 2 minutes at low speed
(3) Rest for 15 seconds and scrape bowl
(4) Mix for 4 minutes at high speed

Mortar

(5) Add cement, mix for 1 minute at low speed
(6) Rest for 15 seconds and scrape bowl
(7) Mix for 4 minutes at high speed

The CNF concentrations of each batch were calculated based on weight with respect to
cement. Cement pastes were prepared at six different CNF concentrations. Test matrix for CNFreinforced cement paste is shown in Table 15. Water demand for each batch was modified by
subtracting the amount of water brought by the CNF-water suspension (3% solid nanofibrils and
97% water). A similar procedure was used to prepare the mortar specimens, as is detailed in
Table 14. All-purpose sand (Table 7) complying with (ASTM C33 / C33M 2018), Standard
Specification for Concrete Aggregates, was used in the mortar specimens.
Table 15 Test matrix for CNF-reinforced cement pastes
Mix no.

W/C (%)

CNF/cement (% weight)

Cement (g)

Water (g)

CNF slurry (g)

1 (reference)

35

0

1000

350.00

0

2

35

0.015

1000

345.15

5

3

35

0.030

1000

340.30

10

4

35

0.060

1000

330.60

20

5

35

0.090

1000

320.90

30

6

35

0.150

1000

301.50

50
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5.3 Experimental Testing Procedures
An experimental program was developed to measure effects of CNF dosages on the
following properties: workability, hydration kinetics, zeta potential, fracture properties, early age
shrinkage, flexural and compressive strength, and desorption properties. The specific laboratory
tests are detailed below.
5.3.1 Workability
5.3.1.1 Flow Table
A flow table test following (ASTM C1437 2015), Standard Test Method for Flow of
Hydraulic Cement Mortar, was performed for each batch immediately after finishing the mixing
procedure. The result is the flow in percentage, for each batch.
5.3.1.2 Kitchen Mixer Rheometer
Method and equations explained in section 4.3.1.1, used for measuring net torque and
rheological parameters (initiation torque and relative viscosity) by homemade kitchen mixer
rheometer (Figure 7) and ammeter for each batch at different rotational speeds.
5.3.2 Cement Hydration
5.3.2.1 Isothermal Calorimetry (IC)
To study the hydration reaction and the degree of hydration (DOH) of the cement pastes,
the heat flow rate and cumulative heat release were measured. Immediately after mixing, 12–
18 g samples of the paste were transferred to a 20-ml glass ampoule, 1 in. (25.4 mm) in diameter
and 2 ¼ in. (57.15 mm) in height, which was then sealed and placed into the chamber (maintained
at 23 ± 0.1 °C) for measurement. Before the data collection started, the isothermal condition was
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held for 45 min to reach equilibration and the subsequent steady heat measurement was
performed for approximately 3 days.
5.3.2.2 Thermogravimetric Analysis (TGA)
The thermogravimetric analysis (TGA) was performed as a supplementary test to obtain
the DOH of CNF reinforced cement pastes at two different ages: 7, and 28 days. TGA was done
to obtain the DOH because at later ages the heat release rate from isothermal calorimetry is so
small that the measuring error could be too large. The TGA tests were also done for the individual
materials of CNF and cement. After mixing the paste, two 1 by 1 in. (25.4 by 25.4 mm) plastic
cylinder molds were used to prepare two specimens for each batch (one specimen for each age).
Molds were covered by plastic films and kept inside zipped bags (sealed condition) for 24 hours.
Then, specimens were demolded, covered by plastic films and cured inside other zipped bags
(sealed condition) for 7, and 28 days.
At the ages of testing, the paste specimens were removed from the zipped bags.
Immediately after removal, hydration of the cement paste was stopped by solvent exchange
technique. Cement specimens were submerged in a relatively large amount of solvent for 30 –
40 minutes. Water present in the pores of the cement paste are diluted and removed by solvent.
In this research, ethanol was used as solvent (Scrivener et al. 2016).
After stopping the hydration, specimens were stored in a sealed condition, ready for TGA.
At the day of testing, they were ground into powders with mortar and pestle while evaporation
was minimum. Approximately 35 mg of powder was transferred into the TGA chamber for
running the test. First, the specimen was held for 5 min to reach equilibration temperature in
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chamber. At the second step, the specimen was heated to 1000 °C at a rate of 10 °C/min. This
step is done to remove all chemically bound water (CBW).
In TGA tests, total mass of the chemically bound water (CBW) in the hardened cement
pastes is calculated. CBW is the weight loss between 105 and 1000 °C (Mouret et al. 1997). At
temperatures below 105 °C, some relatively small amount of CBW could be missed from some
hydration products (particularly C-S-H, ettringite, and monosulfate) (Scrivener et al. 2016). As a
simplifying assumption, this part of CBW has been ignored in this study. The decrease in mass
observed between 400 °C and 500 °C shows the decomposition of Ca(OH)2 (Scrivener et al. 2016).
Almost all of the weight loss above 600 °C is related to CO2 loss due to different forms of CaCO3
decomposition (decarbonation). This part of weight loss, due to CO2 evaporation, was not
considered as CBW.
CBW divided by the final weight of the material shows the mass of CBW per unit gram of
unhydrated cement. Our assumption for maximum amount of CBW per unit gram of fully
hydrated cement was 0.23 g (Cao et al. 2015). Then, DOH is the mass of CBW per unit gram of
unhydrated cement divided by 0.23 g.
5.3.3 Zeta potential
In colloidal chemistry, the zeta potential (z) is the potential between the fixed layer of
liquid adjacent to the solid phase and the liquid constituting the bulk liquid phase (Nägele 1985)
and is a measure of the magnitude of the electrostatic repulsion or attraction between particles.
The zeta potentials of the cement and CNF particles were measured to study the affinity between
them in the fresh cement paste. The tests were performed with a Zetasizer 3000HSA equipment
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from Malvern Instruments Ltd. The CNF and cement particles were, respectively, diluted in DI
water or synthetic pore solution to a concentration of about 100 mg/l (Nägele 1986). Synthetic
pore solution (0.35 M KOH + 0.05 M NaOH in DI water) was the same solution suggested by
(Rajabipour et al. 2008).
Since the zeta potential is dependent on pH values (Nägele 1986), the tests were
performed in two different pH environments at the age of 1 hour (Cao et al. 2015): A neutral
environment with a pH of 7, and the simulated pore solution with a pH of 12.7.
5.3.4 Compressive Strength
After mixing the paste, six 2 by 4 in. (50.8 by 101.6 mm) cylinder molds were used to mold
specimens for each batch to obtain the compressive strength at two different ages: 7, and 28
days (three specimens for each age). Molds were covered by plastic films and kept inside zipped
bags (sealed condition) for 24 hours. Then, specimens were demolded, covered by plastic films
and cured inside other zipped bags (sealed condition) for 7, and 28 days (Figure 26 and Figure
27).
(ASTM C39/C39M 2018), Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens, was used to break the specimens and measure the compressive strengths.
Results are the average value of the compressive strengths of three specimens for each batch at
that particular age.
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Figure 26 Sealed cylinder specimen

Figure 27 Sealed cylinder specimens inside a zipped bag

5.3.5 Notched Beam Test
Notched beam tests were done after 28 days for all cement pastes (4 specimens for each
batch in Table 15), using a simplified version of the tests described in section 4.3.4. Molds were
covered by plastic films and kept inside zipped bags (sealed condition) for 24 hours. Then,
specimens were demolded, covered by plastic films and paper towel and cured inside other
zipped bags (sealed condition) for 28 days (Figure 28 and Figure 29). In this simplified method,
midspan displacement was not measured, so Gf was redefined as the area under the complete
load-CMOD curve. By this method, we could measure the modulus of elasticity (E in GPa) and the
material fracture parameters, critical crack length (ac in mm) and fracture energy (area under
Load-CMOD curve in N.mm). The beams were tested in an Instron closed-loop testing machine
that can be seen in Figure 9, p. 38.
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Figure 28 Sealed condition for beams

Figure 29 Sealed condition for beams (inside zipped bag)

As can be seen in Figure 10, p. 39, the span, depth, and width of the beams were 180 mm,
40 mm, and 30 mm respectively. The beams had an initial notch of 13 mm (1/3 of depth), and
the notch was created by a diamond wet saw. The three-point bending test of notched beams
done in CMOD (crack mouth opening displacement) control mode. A clip gage mounted on the
notch, controls the CMOD opening. The test consisted of loading the beam until a crack happens.
Then the specimen was unloaded and reloaded so that the crack grew steadily. Figure 10 shows
how clip gage controls the loading procedure (Peters et al. 2010; Shah et al. 1995). This figure
shows a typical load-CMOD (Crack Mouth Opening Displacement) curve (Shah et al. 1995). Figure
30 shows the meaning of fracture energy in simplified method which is the area under modified
load-CMOD curve.
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Figure 30 Typical modified load-CMOD curve

Figure 31 Notched beam test with clip gage
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Figure 31 Shows a notched beam test. Sometimes beam breaks before reaching the peak
load in Figure 10. In this case, we can calculate modulus of elasticity but for measuring the
fracture properties (ac and fracture energy) we need both loading and unloading curves (Shah et
al. 1995).
5.3.6 Flexural Strength (Three-point bending)
Flexural strength tests were done after 28 days for all cement pastes (4 specimens for
each batch in Table 15). Molds were covered by plastic films and kept inside zipped bags (sealed
condition) for 24 hours. Then, specimens were demolded, covered by plastic films and cured
inside other zipped bags (sealed condition) for 28 days (Figure 28 and Figure 29). By this test, we
could measure the modulus of rupture (flexural strength) of all specimens. Three-point bending
tests were performed in an Instron closed-loop testing machine. Setup of this test can be seen in
Figure 32.
Span, depth, and width of the beams were 180 mm, 40 mm, and 30 mm respectively. The
test consisted of loading the beam until breaking the specimen. Test was displacement
(deflection) control and the rate of loading was 0.5 mm/min.
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Figure 32 Setup for three-point bending test
5.3.7 Early Age Shrinkage
Autogenous deformation was measured using a dilatometer equipped with automatic
data-logger and a digital length gauge. The test was performed using the corrugated tube based
on (ASTM C1698 2009), Standard Test Method for Autogenous Strain of Cement Paste and
Mortar. The length change of corrugated polyethylene molds, approximately 420 mm in length
and 29 mm in diameter, cast with fresh paste/mortar and sealed with two end plugs were
measured. Fresh paste/mortar was consolidated by running a tamping rod along the length of
the tube. Because the tubes are corrugated, they are much stiffer in the radial direction than they
are in the longitudinal direction, thus effectively translating volumetric deformation of the
paste/mortar to linear deformation. Figure 33 shows the setup of these tests.
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The basic w/c ratio is 0.30 in all mixes. Mixes with CNF, additionally contain entrained
water. An amount of entrained water equal to (w/c) e = 0.05 was added to mixes with CNF in an
attempt to decrease self-desiccation and autogenous shrinkage based on a method proposed by
Jensen et al. (Jensen and Hansen 2001, 2002). The deformations of two samples were monitored
for each mix. Each test was run for 7 days in a thermostatically controlled room set at 23°C and
readings were continuously recorded every 30 min for the entire duration of the test. All of the
readings were zeroed to time of final set because prior to final set (1) the paste is still plastic so
what is being measure is essentially chemical shrinkage and (2) the deformation of the
polyethylene corrugated tube dominates (Kawashima and Shah 2011). The time of final set for
each mix was determined by the Vicat needle test (ASTM C191 2018).

Figure 33 Setup for the autogenous shrinkage test
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5.3.8 Restrained (Ring) Shrinkage
Restrained shrinkage test was done following (AASHTO T334 2016), Standard Method of
Test for Estimating the Cracking Tendency of Concrete. The procedure determines the effects of
variations in the properties of concrete as related to the time-to-cracking of concrete when
restrained. The procedure is comparative and not intended to determine the time of initial
cracking of concrete cast in a specific type of structure (AASHTO T334 2016).
An inner steel ring, partly restrains the autogenous shrinkage. This gives rise to a uniform,
radial pressure on the steel ring and induces tensile hoop stresses in the mortars. Due to the
tensile stresses, the mortars may crack (strains will drop suddenly) during the measurement.
(Jensen and Hansen 2002).

Figure 34 Restrained shrinkage mold

Figure 35 Ring filled with mortar equipped with strain gauges
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Following the test standard (AASHTO T334 2016), Figure 34 shows the mold and Figure
35 shows the sealed (with aluminum tape) ring filled with mortar. Figure 36 shows data
acquisition (DAQ) system of these tests. The strains were monitored by three strain gauges
mounted inside the inner steel ring. Test was performed for 28 days at a nominally constant
temperature and relative humidity of 25° C and 56% respectively.
QUIKRETE all-purpose sands (Table 7) was used in this test. By volume, the mortars
contain 45% aggregate (sand/cement =1.5 by weight). The basic w/c ratio was 0.30 and super
plasticizer dosage was 1.0% in both mixes. Mixes with CNF, additionally contain entrained water
and 0.1% CNF (by mass of cement). Amount of water brought by the CNF-water suspension has
been accounted in mix calculations. An amount of entrained water equal to (w/c) e = 0.05 was
added to mixes with CNF in an attempt to decrease self-desiccation and autogenous shrinkage
based on a method proposed by Jensen et al. (Jensen and Hansen 2001, 2002).

Figure 36 Ring test data acquisition (DAQ) system
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5.3.9 Moisture Desorption Test
It is well known that at low water/cement (w/c) ratio, 0.20 - 0.35, the internal relative
humidity (RH) drops during the hardening of the cement paste and concrete. This phenomenon,
called self-desiccation, occurs in the absence of an external source of water in a closed system.
It has been shown that internal RH in a sealed hardened cement paste may decrease from 100%
to approximately 80% due to the hydration reactions and self-desiccation (Jensen and Hansen
2001, 2002).
In order to investigate the behavior of the CNF slurry in a low w/c ratio, samples were
tested for desorption in sealed containers using different salt solutions. A saturated salt solution
is a slushy mixture based on distilled water and a chemically pure salt. 10 g of CNF slurry and
distilled water was dried at three different conditions shown in Table 16. Moisture content of as
received CNF slurry is considered 100%. Figure 37 shows the setup that has been used for
desorption test. CNF at the end of the test has been shown in Figure 38.

Table 16 Desorption test conditions
Condition

Relative Humidity (%)

Temperature (°C)

Duration (days)

Saturated KNO3 solution in incubator

93

30

22

Saturated NaCl solution in incubator

75

30

11

Lab (Room 120)

40

20

4
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Figure 37 Desorption test setup

Figure 38 CNF film at the end of the test

5.4 Results and Discussions
5.4.1 Workability
5.4.1.1 Flow Table
Figure 39 shows the effect of CNF on the flow table results for different cement batches
with various amounts of CNF. As was observed at higher w/c ratios, these results show that
increasing CNF content leads to reduced workability. It can be seen that every 0.05% of additional
CNF incorporated in the cement paste decreases the flow value by almost 15%. As previously
stated, these results further suggest that water in CNF slurry is not immediately available to mix
with the cement, as it is being held back by the CNF. Possible CNFs agglomeration due to poor
dispersion (specially at high dosages) likely also plays an important role in decreasing workability.
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Figure 39 Flow (%) vs CNF dosage (%)

5.4.1.2 Kitchen Mixer Rheometer
Figure 40, shows the relationship between the net torque (N·m) and the rotational
speed (r/s) at different CNF weight for pastes in Table 15.

Figure 40 Net torque vs Rotational speed
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It was observed in all mixtures that torque is increased when the rotational speed is
increased. If one assumes that cement pastes follow the Bingham model, then we need to
determine yield stress and viscosity for each paste. Initiation torque (torque at first rotational
speed) can be interpreted as an index of yield stress, and the slope of each line can be seen as an
index of viscosity for that particular mixture.

Figure 41 Initiation torque vs CNF weight

Figure 42 Relative viscosity vs CNF weight
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Results for initial torque and relative viscosity versus CNF weights are shown in Figure 41
and Figure 42 respectively. It can be seen that increasing CNF dosage leads to increasing initiation
torque as well as relative viscosity.
5.4.2 Cement Hydration
5.4.2.1 Isothermal Calorimetry (IC)
Results of the cumulative heat of hydration for the first 3 days (72 h) of the six cement
pastes with different CNF dosages are shown in Figure 43. It can be observed that during the first
few hours the cumulative heat showed a decrease in all CNF-modified pastes. This retardation
reported by Cao et al. for CNC reinforced cement pastes. They suggest that at early ages, the
CNFs adhere to the cement particle’s surface reducing the reaction surface area between cement
and water. Hence, the hydration process will be slower in comparison with the plain system (Cao
et al. 2015). Other possible reason could be the internal curing effects which suggests CNFs retain
water at early ages (less water is available for hydration at early ages) and release it later.
Opposite trend can be observed after the first hours, as the cumulative heat increases in CNF
modified pastes. This increment continues until the end of the test (3 days). All CNF dosages
showed higher DOH than the plain paste. After 3 days, the CNF dosages of 0.09, and 0.15%
resulted 8% improvement in DOH while for the pastes with 0.015, 0.03, and 0.06% CNF, changes
in DOH are not significant. The increased degree of hydration could result from internal curing
effects due to the CNF presence. Figure 44 displays hydration reaction heat flow curves for first
40 hours of the six mixtures described in Table 15. More discussions about the results from IC
tests can be seen in section 5.5.
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Figure 43 Cumulative heat of CNF-reinforced cement pastes for the first 3 days

Figure 44 Heat flow curves of the CNF-reinforced cement pastes for the first 40 hours
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5.4.2.2 Thermogravimetric Analysis (TGA)
Figure 45 and Figure 46 show TGA results at the ages of 7 and 28 days, respectively. After
7 days, the DOH for control specimen (without CNF) was 61. For cement pastes with 0.015, 0.03,
0.06, 0.09, and 0.15% of CNF, DOHs were 60, 60, 60, 61, and 60 respectively. At 28 days, the DOH
for control specimen was 64. For cement pastes with 0.015, 0.03, 0.06, 0.09, and 0.15% of CNF,
DOHs were 64, 64, 64, 64, and 67 respectively. These results show that incorporating CNF doesn’t
change DOH significantly at the ages of 7 and 28 days. More discussions about the results from
TGA tests can be seen in section 5.5.
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Figure 45 7-day TGA results

Figure 46 28-day TGA results
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Figure 47 and Figure 48 display TGA results for 8 mg of CNF film and 35 mg of pure cement
powder respectively. It can be seen that for CNF film, degradation happens at about 350°C which
70% of its initial weight will be lost. Most of the weight loss of the pure cement happens between
600 °C and 700 °C which is related to CO2 loss due to different forms of CaCO3 decomposition
(decarbonation).

Figure 47 TGA results of CNF film

Figure 48 TGA results of pure cement
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5.4.3 Zeta potential
The zeta potentials for the CNF and cement particles at these two different pH
environments are shown in Table 17.
Table 17 The zeta potentials of CNF and cement particles
Environment
DI Water
Synthetic pore solution

pH
7
12.7

Cement
-8.4±4.4 mV
+0.4±1.8 mV

CNF
-33.8±5.3 mV
-9.5±2.3 mV

Results show that the absolute value of the zeta potential for CNF fibers is much higher
than that for cement particles. This means that cement particles have much more potential for
agglomeration in comparison with CNF fibers. At pH = 12.7, synthetic pore solution, the affinities
between the particles have following order:
f (cement—CNF) > f (cement—cement) > f (CNF—CNF)
The zeta potential results show that the affinity between cement and CNF is stronger than
that between cement particles. It means that CNF fibers tend to adhere onto cement particles
rather than to agglomerate themselves. For CNFs-cement adhesion, well dispersion of both
cement particles and CNF fibers is a necessity.
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5.4.4 Compressive Strength
Results of compressive strength tests for cement pastes in Table 15 can be seen in Figure
49 for the age 7 and 28 days. After 7 days, the CNF dosages of 0.015, 0.03, 0.06, 0.09, and 0.15%
resulted 20, 3, 18, 28, and 31% improvement in compressive strength respectively. Analysis of
variance (ANOVA) with confidence interval of 95% showed that after 7 days, compressive
strength of specimens with various CNF dosages are statistically significantly different. For
example, t-Test (confidence interval = 95%) showed that results for CNF dosage of 0.15% are
significantly different from results of specimens without CNF and specimens with CNF dosages of
0.03%.

Figure 49 Cement pastes compressive strength results
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For the same CNF contents and after 28 days, compressive strengths are 2, 23, 12, 26, and
16% higher in comparison with the plain system. Analysis of variance (ANOVA) with confidence
interval of 95% showed that compressive strength of specimens with various CNF dosages are
not statistically significantly different after 28 days.
5.4.5 Notched Beam Test
Results for pastes in Table 15 can be seen in following images. Figure 50 shows the
measured modulus of elasticity. Figure 51 and Figure 52 show the critical crack length (ac) and
fracture energy respectively. Small changes in critical crack length, ac (Figure 51) show that CNFs
are not very important at preventing crack initiation because they may not always be available
at the crack tip.
After 28 days, the CNF dosages of 0.015, 0.03, 0.06, 0.09, and 0.15% resulted 0, 17, 11,
24, and 60% improvement in fracture energy respectively. Analysis of variance (ANOVA) with
confidence interval of 95% showed that fracture energy of specimens with various CNF dosages
are statistically significantly different. For example, t-Test (confidence interval = 95%) showed
that results for CNF dosage of 0.15% are significantly different from results of specimens without
CNF and specimens with CNF dosages of 0.015, 0.03, and 0.06%. Significant changes (60%
increase) in fracture energy (Figure 52) suggest that CNFs are effective in preventing crack growth
and the CNFs play an important role when the cracks try to propagate within the notched beam
specimen (Peters et al. 2010). Figure 53 compares the load-CMOD curves for control paste and
paste with 0.15% CNF. It clearly shows higher ductility in paste with CNF.

85

Figure 50 Notched beam results - Modulus of elasticity

Figure 51 Notched beam results - Critical crack length
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Figure 52 Notched beam results – Fracture energy

Figure 53 Load-CMOD curves for control paste and paste with 0.15% CNF
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5.4.6 Flexural Strength (Three-point bending)
Results for pastes in Table 15 can be seen in Figure 54. After 28 days, the CNF dosages of
0.015, 0.03, 0.06, 0.09, and 0.15% showed 44, 39, 55, 72, and 116% improvement respectively.
Analysis of variance (ANOVA) with confidence interval of 95% showed that flexural strength of
specimens with various CNF dosages are statistically significantly different. For example, t-Test
(confidence interval = 95%) showed that results for CNF dosage of 0.15% are significantly
different from all other dosages. Significant changes in flexural strength suggest that CNFs are
effective in improving modulus of rupture in cement pastes.

Figure 54 Flexural strength vs CNF weight (%)
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5.4.7 Early Age Shrinkage
Figure 55 shows the results of the autogenous deformation of cement paste specimens
with and without CNF. It can be observed that adding 0.06, and 0.09% of CNF reduces autogenous
shrinkage up to 49 and 26% respectively. Reduction in internal curing effects of CNF at 0.09%
could be due to potential CNFs agglomeration at higher dosage.
It is interesting to consider the expansion right after set in the mixtures with CNF. It
happens because of water released by CNF due to drop in internal relative humidity inside the
sealed (closed) cement paste. This phenomenon has already been observed in the cement system
using SAP as internal curing agent (Jensen and Hansen 2002).

Figure 55 Autogenous shrinkage vs time for pastes
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Compressive strengths of these mixtures have been depicted in Figure 56 . It shows that
after 7 days, the CNF dosages of 0.06, and 0.09% resulted 5, and 15% improvement in
compressive strength respectively. After 28 days, results for 0.06 addition of CNF is almost the
same as plain system. At the same time for the specimen with 0.09% CNF, compressive strength
is 12% higher.

Figure 56 Compressive strength results for autogenous shrinkage mixtures

90

Figure 57 displays the result of autogenous shrinkage test for mortars without and with
0.09% of CNF content. It can be observed that CNF reinforced mortar shows 21% less autogenous
shrinkage.

Figure 57 Autogenous shrinkage vs time for mortars
5.4.8 Restrained (Ring) Shrinkage
We didn’t observe (by eye or by a sudden drop in strain gauges) shrinkage cracking in
specimens within 28 days. Figure 58 shows the strains monitored for plain (without CNF)
specimen at first, second and third strain gauges. Figure 59 shows the same results for CNF
reinforced specimens.
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Figure 58 Strains for plain specimen, 11/17/18-12/14/18
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Figure 59 Strains for CNF reinforced specimen, 10/11/18-11/07/18
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Table 18 shows changes in strain gauge readings in plain system and CNF modified system.
It shows that strains in plain specimen vary in a range of 61.7 micro strain. This number for CNF
modified system is 16.7 micro strain which suggests that adding CNF reduces the changes in
shrinkage strain which results less tendency for cracking.
Table 18 Changes in strain gauge readings
Specimen
Plain
Specimen
CNF
Specimen

Strain
gauge
1st
2st
3st
1st
2st
3st

Starting
strain
70
-20
20
25
-45
-20

Strain at
the end
10
-80
-45
15
-70
-35

Change
in strain
60
60
65
10
25
15

Average changes
in strain
61.7

16.7

5.4.9 Moisture Desorption Test
Test results have been displayed in Figure 60. It shows that CNF slurry loses its water
content in an almost constant rate of 6.25% per day at RH=95%. Moisture desorption of the CNF
slurry was 45% after 7 days and largely complete after 16 days with losing almost 93% of water.
CNF slurry loses its water content in an almost constant rate of 10% per day at RH=75%. It seems
that RH=75% is the most similar situation to the real condition. It has been shown that internal
RH in a sealed hardened cement paste may decrease from 100% to approximately 80% due to
the hydration reactions and self-desiccation (Jensen and Hansen 2001, 2002). In real
cementitious systems, other variables, such as cement pore solution composition, and real
internal RH may affect the rate and amount of water lost by CNF slurry.
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Figure 60 Desorption test result

5.5 Discussions
The experimental results presented in this Chapter show that additions of CNF are clearly
modifying the hydration, autogenous shrinkage, and fracture energy of cement pastes. In this
section, we propose a comprehensive mechanism for this modification in terms of developing
microstructure.
5.5.1 Scrivener et al. model (2015)
Figure 61 shows a model for the relationship between heat of hydration and the
development of two different types of C-S-H gel (Scrivener et al. 2015). At acceleration stage,
low-density C-S-H (more porous) grows outward as needles outside of cement grain’s surface.
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This type of C-S-H occupy spaces that was originally filled by water. At deceleration stage, when
the surface is completely covered by low density C-S-H, high-density C-S-Hs growth starts within
the cement particle. This model proposes that at the maximum heat (peak), a transition from the
low-density C-S-H (outer-product) to the high-density C-S-H (inner-product) growth occurs
(Bazzoni 2014). This model is useful for explaining how CNF might be modifying the hydration
reaction and the development of microstructure.

Figure 61 Schematic of relationship between main heat evolution peak and growth of two
different types of C-S-H gel (After Scrivener et al. 2015)
5.5.2 Explaining results from IC tests using Scrivener model (2015)
Based on isothermal calorimetry test results (Figure 44), main peaks happen almost 6
hours after first contact of cement with water. Figure 62 depicts cumulative heat released up to
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the first heat evolution peak. That is, the total heat released during initial C-S-H formation
increases with increasing CNF dosage. The implication here is that control paste (without CNF)
develops the lowest amount of low-density C-S-H.
Figure 63 shows cumulative heat of hydration at the end of isothermal calorimetry tests,
3 days. At this age, trends are almost the same as shown in Figure 62. After the time to peak,
deceleration and steady state of hydration ensues. Based on model of Figure 61, this is the time
primarily assigned for high-density C-S-H development.

Figure 62 Cumulative heat during acceleration stage (before main peak)
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Figure 63 Cumulative heat after 3 days

5.5.3 Tunnels, Reservoirs, and Bridges (TRB) Mechanism
The CNF system appear to work with a mechanism that here we name it: Tunnels,
Reservoirs, and Bridges (TRB) Mechanism. Tunnels mechanism described here is based on Cao
et al. (2015) hypothesis for the effects of CNCs on cement-based composites. Zeta potential
results (section 5.4.3) showed that CNFs tend to adhere onto cement particles. At hydration
acceleration stage, adhered CNFs will be buried in low-density C-S-H (outer-product). At
hydration deceleration stage, when the surface is completely covered by low density C-S-H and
high-density C-S-Hs growth starts within the cement particle, porous space around these adhered
CNFs will work as Tunnels. It means that similar to CNCs (Cao et al. 2015), CNFs provide tunnels
(channels) for transporting water to unhydrated cement grain which in turn help to produce more
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high-density C-S-H (inner-product) and enhance total hydration reaction. This 8% short-term
improvement in hydration products due to adding CNFs can be seen in both Figure 62 and Figure
63.
But on the other hand, in the assumed hydration model, low-density C-S-H acts as a
barrier around the unhydrated cement grain and reduces the water diffusion rate to the interior
anhydrous parts of the cement particle. The increasing heat release trend shown in Figure 62
suggests that more low-density C-S-H (barrier) was formed by increasing CNF dosages. This, in
turn, led to a stronger barrier, harder water penetration into the C-S-H, and lower volume of
high-density C-S-H.

Figure 64 Degree of hydration (DOH) of cement pastes after 7 and 28 days
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The results show that increasing CNF dosage, forms more tunnels but at the same time
develops stronger barriers. These two effects (more tunnels and stronger barriers) acts against
each other. The adverse effect of barriers can be seen in Figure 64 which shows that after 7 and
28 days, initial enhancing effects of CNFs (see Figure 62 and Figure 63) on hydration reaction has
been disappeared and all pastes show almost the same DOHs. These DOHs are the same as
described and mentioned in section 5.4.2.2.
As stated in previous sections, because of their high surface area and surface hydroxyl
(OH-) groups, CNFs are ready for surface reactivity and interactions (Gómez Hoyos et al. 2013).
Water which contains hydrogen have the potential to make hydrogen bonds with surface
hydroxyl (OH-) groups of CNFs. Based on these properties, CNFs are hydrophilic and can retain
some water (depending on CNF dispersion/agglomeration situation) and like super absorbent
polymers work as Reservoirs. This stored water is released at later ages and works as a
supplementary source of water. Effect of this supplementary water can be seen in reducing
autogenous shrinkage in Figure 55.
Significant changes (60% increase) in fracture energy (Figure 52) suggest that CNFs are
effective in preventing crack growth and the CNFs work as Bridges and play an important role
when the cracks try to propagate within the notched beam specimen (Peters et al. 2010). Figure
65 shows the schematic of Tunnels, Reservoirs, and Bridges (TRB) Model based on above
discussions.
The improvement in flexural strengths for all specimens by adding CNF and enhancement
in compressive strength observed in some mixes can be explained once again by this mechanism.
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However, looking at Figure 49 shows that this improvement is not systematic with respect to CNF
dosage. The possible explanation for this result is that the CNF may be agglomerating in such a
way to increase flaw sizes in the pastes. At low dosages, such an effect is small, but it likely plays
more important role at high dosages.

Figure 65 Schematic of Tunnels, Reservoirs, and Bridges (TRB) Model

5.6 Conclusions
This Chapter examined how the addition of CNFs modifies the performance of cement
paste and mortar. Flow table and kitchen mixer rheometer tests on cement pastes showed that
increasing CNF dosages decrease workability, increase yield stress, and viscosity. Based on these
results, one can work on using CNFs as viscosity modifying agents (VMA), e.g. in 3D printing and
self-compacting concrete. IC tests disclosed that incorporating CNF improved DOH after 3 days.
TGA tests at the ages of 7 and 28 days, showed no significant changes in DOH due to adding CNF.
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After 7 and 28 days, CNF reinforced specimens showed higher compressive strength. Results
showed that in cement pastes shown in Table 15, incorporating CNF improves both flexural
strength (116% increase by adding 0.15% CNF) and fracture energy (60% improvement by
incorporating 0.15% CNF).
The results of this Chapter further suggest that CNFs hold some water at early ages and
release it later due to drop in internal relative humidity inside the cement paste. Adding 0.06,
and 0.09% of CNF reduces autogenous shrinkage up to 49 and 26% respectively. Based on CNF
dosage, and dispersion efficiency, effects of CNF on the cement-based systems can vary. High
dosages of CNF increase the likelihood of agglomeration and covering the surface of cement
particles and, as a result, slowing down the hydration reaction at early ages. Good dispersion
optimizes the CNF dosage, while poor dispersion results agglomeration and dysfunction.
Agglomerated CNFs work as flaws in the system. At low dosages, such an effect is small, but it
likely plays important role at high dosages. CNF source, cement type, mixing and curing
procedures are the other important factors that can affect the test results.
A Tunnels, Reservoirs, and Bridges (TRB) model is proposed to explain the experimental
observations.
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CHAPTER 6
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
6.1 Summary
As outlined in Chapter 1, the goal of this work was to answer some questions about the
performance of CNF in cement-based composites. This dissertation showed that there are some
potentials for using CNF in cement-based composites, particularly at low water to cement ratios
(w/c = 0.35 and 0.30). Because of CNF nonuniformity, usually results are not systematic.
•

About the effects of various dosages of CNFs on workability and rheology of cement-based
composites, we found that for all cement paste, mortars, and concrete specimens, CNFs
reduce workability. Also, they increase both yield stress and viscosity (sections 4.4.1, 4.4.5,
and 5.4.1). This property shows that one of their potential applications can be viscosity
modifying agent (VMA), e.g. in 3D printing and self-compacting concrete

•

At low water to cement ratios (w/c = 0.35), they can improve free shrinkage (section 4.4.2).

•

Incorporating CNFs, increased fracture energy by 60% (section 5.4.5) which means CNFs help
to prevent crack propagation

•

About the compressive strength, CNFs affect the results. Usually hurt the compressive
strength (sections 3.3, 3.4, and 3.5) but at low water to cement ratios (w/c = 0.35) sometimes
improvement can be observed (sections 4.4.3 and 5.4.4).

•

Tests showed that at low water to cement ratio (w/c = 0.35), CNFs can be used as an additive
for enhancing the flexural strength (section 5.4.6).

103

•

About the effects of CNFs on hydration reaction, and degree of hydration at low water to
cement ratio (w/c = 0.35), it has been shown that after 3 days, there are some improvement
in DOH (8%) but after 7, and 28 days changes in DOHs are not significant. More discussions
can be seen in section 5.5

•

CNFs showed good potential for reducing the autogenous shrinkage of both cement pastes
and mortars (section 5.4.7). This shows that another potential application is using them as
internal curing agents

•

They also can reduce restrained shrinkage (section 5.4.8)
Based on the results found in this investigation, we suggest a new comprehensive mechanism

called Tunnels, Reservoirs, and Bridges (TRB) which can interpret these effects. This mechanism
explains the results shown in this research but it needs more tests and investigations for
discovering all aspects of the influences of CNFs on cement-based composites.
6.2 Recommendations
This dissertation answered some questions about the effects of CNF on cementitious
composites but still there are some unanswered questions that need to be answered in future
studies. Here are some of these recommended studies:
•

It is clear that adding CNFs reduces workability and modifies rheology. The results suggest
that water in CNF slurry is not immediately available to mix with the cement. some of the mix
water is being captured and held by the CNF during mixing but is released later on as
hydration progresses. Such a mechanism would explain both the strength and shrinkage
improvements as it would play a role in minimizing self-desiccation and autogenous
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shrinkage. However still we need to know that how much of mix water is immediately
available for hydration? What happens to captured water? How and when it will be released?
Understanding the status of water during mixing and hydration allows us to better control
both the effects on rheology/workability and the effects on microstructure. Studying the fate
of mix water using a robust technique like Nuclear Magnetic Resonance (NMR) spectroscopy
is highly recommended. Snoeck et al. (2017) did it for superabsorbent polymers, we need to
do it for CNFs. By this technique, the release of water by CNFs can be monitored as a function
of time and degree of hydration.
•

We believe that the quality of dispersion/agglomeration affects the results. Nonsystematic
scattered results and decrease in compressive strength of batches with high CNF dosages
suggest that agglomeration of CNFs play an important role in CNF modified systems. Finding
a way for improving and quantifying the dispersion/agglomeration of CNFs inside the cementbased composites is highly interested. In order to improve the dispersion, using high shear
mixer will be a good idea to see the changes in the effects of CNFs when they mixed in high
speeds. Next option can be using special admixtures for enhancing the quality of dispersion.
Changing the mixing procedures, e.g. increasing mixing time, can another option.

•

In new proposed TRB mechanism, it was assumed that CNFs modify the microstructure by
changing the volumes of low-density C-S-H (outer-product) and high-density C-S-H (innerproduct). For examining this hypothesis, we need to perform more investigations for finding
a better image of the microstructure of the CNF modified composites. Combination of
Scanning Electron Microscopy (SEM) and Nanoindentation can be used to study the CNFs
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distribution and the volume fraction of high and low-density C-S-Hs. Works done by Cao et
al. (2016a) and Flores et al. (2017) on CNCs are good examples of using these techniques for
future studies on CNFs.
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